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ARTICLE

Inherited human ITK deficiency impairs IFN-γ
immunity and underlies tuberculosis
Masato Ogishi1,2, Rui Yang1*, Rémy Rodriguez3,4*, Dominic P. Golec5*, Emmanuel Martin3,4, Quentin Philippot4,6, Jonathan Bohlen4,6,
Simon J. Pelham1, Andrés Augusto Arias1,7,8, Taushif Khan9, Manar Ata9, Fatima Al Ali9, Flore Rozenberg10, Xiao-Fei Kong1,
Maya Chrabieh4,6, Candice Laine4,6, Wei-Te Lei1, Ji Eun Han1, Yoann Seeleuthner4,6, Zenia Kaul5, Emmanuelle Jouanguy1,4,6,
Vivien Béziat4,6, Leila Youssefian11,12, Hassan Vahidnezhad11,12, V. Koneti Rao13, Bénédicte Neven14, Claire Fieschi15,16,
Davood Mansouri17, Mohammad Shahrooei18, Sevgi Pekcan19, Gulsum Alkan20, Melike Emiroğlu20, Hüseyin Tokgöz21, Jouni Uitto11,12,
Fabian Hauck3,4,22, Jacinta Bustamante1,4,6,23***, Laurent Abel1,4,6***, Sevgi Keles24***, Nima Parvaneh25,26***, Nico Marr9,27***,
Pamela L. Schwartzberg5****, Sylvain Latour3,4****, Jean-Laurent Casanova1,4,6,28,29**, and Stéphanie Boisson-Dupuis1,4,6**

Inborn errors of IFN-γ immunity can underlie tuberculosis (TB). We report three patients from two kindreds without EBV
viremia or disease but with severe TB and inherited complete ITK deficiency, a condition associated with severe EBV disease
that renders immunological studies challenging. They have CD4+ αβ T lymphocytopenia with a concomitant expansion of
CD4−CD8− double-negative (DN) αβ and Vδ2− γδ T lymphocytes, both displaying a unique CD38+CD45RA+T-bet+EOMES−

phenotype. Itk-deficient mice recapitulated an expansion of the γδ T and DN αβ T lymphocyte populations in the thymus and
spleen, respectively. Moreover, the patients’ T lymphocytes secrete small amounts of IFN-γ in response to TCR crosslinking,
mitogens, or forced synapse formation with autologous B lymphocytes. Finally, the patients’ total lymphocytes secrete small
amounts of IFN-γ, and CD4+, CD8+, DN αβ T, Vδ2+ γδ T, and MAIT cells display impaired IFN-γ production in response to BCG.
Inherited ITK deficiency undermines the development and function of various IFN-γ–producing T cell subsets, thereby
underlying TB.

Introduction
Tuberculosis (TB) is caused by virulent mycobacterial species
from the Mycobacterium tuberculosis complex (MTBC), including
Mycobacterium tuberculosis (M. tb) and Mycobacterium bovis. TB
remains endemic in many countries (Houben and Dodd, 2016).

The World Health Organization has estimated that there were
∼9 million new cases and ∼1.2 million deaths globally among
HIV-negative individuals in 2019 (WHO, 2020). However, only
∼5–10% of individuals infected with M. tb develop TB in their
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lifetime (Vynnycky and Fine, 2000). Classical genetic studies
performed from 1909 onward suggested that human genetic
determinants strongly influence whether individuals develop TB
or remain asymptomatic following infection (Kallmann and
Reisner, 1943; Comstock, 1978; Bellamy, 1998; Van Der Eijk
et al., 2007; Abel et al., 2014, 2018; Boisson-Dupuis et al., 2015;
Casanova and Abel, 2022). However, the molecular basis of
susceptibility to TB has long remained unknown (McHenry
et al., 2020). The study of Mendelian susceptibility to myco-
bacterial disease (MSMD), a rare condition that selectively
predisposes ∼1/50,000 individuals to severe disease caused by
weakly virulent mycobacteria (i.e., Bacille Calmette-Guérin
[BCG] vaccine substrain and environmental mycobacteria),
has identified IFN-γ as a key component of human anti-
mycobacterial immunity (Bustamante, 2020). Indeed, 18 of the
19 known monogenic etiologies of MSMD impair IFN-γ pro-
duction (variants of IFNG, IL12B, IL12RB1, IL12RB2, IL23R, TYK2,
ISG15, RORC, and TBX21), cellular responses to IFN-γ (IFNGR1,
IFNGR2, STAT1, JAK1, USP18, and CYBB), or both (IKBKG, IRF8, and
SPPL2A; Bustamante, 2020; Kerner et al., 2020; Yang et al., 2020;
Martin-Fernandez et al., 2022). The mechanism of disease in
patients with ZNFX1 mutations has yet to be determined (Le
Voyer et al., 2021). Patients with these disorders are also
prone to TB, which may even be the only clinical phenotype for
genotypes displaying incomplete penetrance for MSMD. Multi-
ple patients with autosomal recessive (AR) complete TYK2 and
IL-12Rβ1 deficiencies have been diagnosed with TB (Altare et al.,
2001; Kreins et al., 2015; Boisson-Dupuis and Bustamante, 2021;
Ogishi et al., 2022). Moreover, homozygosity for TYK2 P1104A,
which selectively impairs IL-23–dependent IFN-γ production, is
a common and highly penetrant genetic etiology of TB, but a rare
and weakly penetrant etiology of MSMD (Boisson-Dupuis et al.,
2018; Kerner et al., 2019, 2021; Casanova and Abel, 2022). Fi-
nally, we recently described a Turkish child with AR PD-1 defi-
ciency and life-threatening TB who had not suffered from
MSMD (Ogishi et al., 2021). His TB probably resulted from im-
paired, but not abolished, IFN-γ production due to low levels of
innate-like adaptive T lymphocytes and dysfunction of the re-
sidual T and natural killer (NK) lymphocytes. Other inborn er-
rors of immunity (IEI), such as STAT3 gain-of-function (GOF)
and PIK3CD GOF, appear to predispose humans to TB by hitherto
unexplained mechanisms (Haapaniemi et al., 2015; Boisson-
Dupuis and Bustamante, 2021; Qiu et al., 2022). In this con-
text, we studied three patients from two unrelated kindreds
with unexplained severe TB and no prior history of MSMD.

Results
Three patients with disseminated TB
We studied two siblings from a consanguineous Iranian family
and another patient from a consanguineous Turkish family
(Fig. 1 A, and Fig. S1 A, Tables S1 and S2; and case reports in
Materials and methods). The Iranian proband (P1) had dissem-
inated TB (abdominal abscess, mesenteric lymphadenopathies,
and cerebral abscess) caused by virulentM. bovis (different from
BCG substrains, as proved by substrain-specific PCR) at the age
of 13 yr (Fig. 1, B and C). Standard four-drug anti-TB treatment

together with the subcutaneous injection of recombinant human
IFN-γ resulted in complete remission. This patient is now 28 yr
old and healthy. P1’s sister (P2) had sputum-confirmed pulmo-
nary TB caused by M. tb at the age of 10 yr. She recovered on
standard anti-TB therapy plus subcutaneous IFN-γ injections,
but experienced cutaneous and retinal TB at the age of 23 yr. She
is now 25 yr old and still on biweekly IFN-γ treatment. The
Turkish patient (P3) developed miliary TB at the age of 4 yr. His
chest computed tomography (CT) scans showed mediastinal
lymphadenopathy and bilateral tree-in-bud lesions (Fig. 1 D and
Fig. S1, B and C). Radiological and clinical improvement was
observed after 12 mo of standard anti-TB therapy (Fig. 1 D). None
of the three patients had experienced any adverse events after
BCG vaccination (at the age of 3 d for P1 and P2 and 2 mo for P3).

Virological manifestations
P1 and P2 had had common cutaneous warts on their foreheads
and extremities since the ages of 12 and 15 yr, respectively (Fig.
S1, D and E), whereas P3 had no warts. P2 had also had genital
warts caused by human papillomavirus (HPV) type 6 since the
age of 17 yr (Fig. S1 F). These cutaneous and genital warts re-
sponded to cryotherapy but recurred frequently. All patients had
high levels of EBV DNA in the blood at their most recent ex-
aminations, at the ages of 28, 25, and 5 yr, respectively. P2 tested
negative for EBV-DNA at the ages of 16 and 17 yr, whereas all the
available samples from P1 and P3, taken from the ages of 19 and 5
yr onward, respectively, tested positive (Fig. S2 A). The ages of
these two patients at primary infection with EBV are unknown.
P1 and P2 were positive for VCA-IgG but negative for VCA-IgM
and EBNA, whereas P3 was negative for VCA-IgM/IgG and
EBNA. VirScan analysis for P1 and P2 (performed at the ages of
22 and 20 yr, respectively) also confirmed serological responses
to common pathogens, including EBV (Fig. S2 B). P1 and P2 re-
mained free from EBV-related disease at their most recent
follow-up visits, at the ages of 28 and 25 yr, respectively,
whereas P3 developed Hodgkin’s lymphoma at the age of 5 yr
and recovered after receiving chemotherapy (Fig. S1 C).

Private homozygous ITK mutations
We performed whole-exome sequencing (WES) for the three
patients, hypothesizing an AR mode of inheritance with com-
plete penetrance. Principal component analysis was consistent
with the Iranian and Turkish ancestries of these patients. The
homozygosity rates were 0.8% for P1, 1.9% for P2, and 2.1% for
P3. Among the rare homozygous non-synonymous variants de-
tected, the private nonsense ITK variant (c.496C>T, p.R166*) was
the only variant common to P1 and P2, and the private missense
ITK variant (c.1772T>C, p.M591T) was the only variant of a gene
known to underlie IEI in P3 (Fig. 1 E). Sanger sequencing con-
firmed these ITK variants (Fig. 1 F). All healthy family members
were heterozygous (Fig. 1, A and F). The variants were not found
in the gnomAD database. The combined annotation-dependent
depletion (CADD) scores were 35.0 and 28.1, well above the
mutation significance cutoff (MSC) of 20.7 (Kircher et al., 2014;
Itan et al., 2016; Fig. 1 G). ITK is not under strong negative se-
lection according to CoNeS, a sequence-based metric for quan-
tifying gene-level selection (Rapaport et al., 2021), like other
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Figure 1. AR ITK deficiency with TB. (A) Pedigree of the kindreds. Black symbols indicate affected individuals. Arrows indicate the probands. Genotypes for
ITK are also shown. M, mutated. (B) Cranial T2-weighted MRI for P1. The high-intensity lesion in the right temporal lobe disappeared after 9 mo of anti-TB
therapy (post-tx). (C) Surgical biopsy of an enlarged mesenteric lymph node of P1 showing central caseation on H&E staining and acid-fast bacilli (arrows) on
Ziehl–Neelsen staining. (D) A thoracic CT scan of the lung of P3 showing tree-in-bud signs. Radiological improvement was observed after 4 mo of anti-TB
therapy. (E) Variants detected by WES. (F) Sanger sequencing of the ITK variants. (G) Population genetics of ITK. The minor allele frequency (MAF) and CADD
scores for all non-synonymous variants reported in the gnomAD database are shown. Three homozygous variants found in our private cohort are also shown.
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genes with variants underlying AR IEI (Fig. 1 H). IL-2–inducible
T cell kinase (ITK) protein, encoded by ITK, is a TEC (tyrosine
kinase expressed in hepatocellular carcinoma) family tyrosine
kinase expressed in T and NK lymphocytes and mast cells (Berg
et al., 2005; Khurana et al., 2007; Iyer and August, 2008). The
R166* variant is predicted to eliminate the SH2, SH3, and kinase
domains, whereas the M591T variant is predicted to disrupt the
kinase domain of ITK (Fig. 1 I). Patients with AR ITK deficiency
present various hematological disorders due to uncontrolled
EBV infection, including fatal infectiousmononucleosis, lymphoma,
lymphoproliferative disease, lymphomatoid granulomatosis, he-
mophagocytic lymphohistiocytosis, and dysgammaglobulinemia
(Huck et al., 2009; Stepensky et al., 2011; Linka et al., 2012;
Mansouri et al., 2012; Ghosh et al., 2014; Ghosh et al., 2018; Alme
et al., 2015; Bienemann et al., 2015; Cipe et al., 2015; Çaǧdaş et al.,
2017; Mo et al., 2019; Youssefian et al., 2019; Eken et al., 2019; Fang
et al., 2019; Howe et al., 2019). We have also reported siblings
with epidermodysplasia verruciformis caused by uncontrolled
β-HPV infection (Youssefian et al., 2019). ITK-deficient pa-
tients presenting with mycobacterial diseases have never
been reported, but a recent study of Itk-deficient mice showed
impaired bacterial clearance and aggravated lung disease after
intranasal M. tb infection (Huang et al., 2020). Collectively,
familial and population genetics and the function of ITK in
humans and mice suggested that AR ITK deficiency was the
genetic etiology of TB in these three patients.

Complete ITK deficiency
We first investigated the expression and function of the ITK
protein in an overexpression system. Immunoblotting with two
anti-ITK mAbs revealed that both mutants were produced in
smaller amounts than the WT protein and that the protein en-
coded by the nonsense variant was truncated, with a molecular
weight of 23 kD rather than 72 kD (Fig. 2, A and B). Phospholi-
pase C gamma 1 (PLCγ1), a substrate directly phosphorylated by
ITK, was phosphorylated by the WT protein but not by the
variants, demonstrating a complete loss-of-function (LOF) for
the patients’ alleles (Fig. 2 C). We then studied primary T lym-
phocytes from P1 and P2. Immunoblotting with two anti-ITK
mAbs targeting N-terminal and C-terminal epitopes detected
no full-length or truncated ITK protein (Fig. 2, D and E). The cells
of the heterozygous father of P1 and P2 had ITK protein levels of
about 50% of those in WT individuals (Fig. 2 D). Moreover,
PLCγ1 phosphorylation levels in total T lymphocytes stimulated
with anti-CD3 mAb were low for P2 and almost null for P1
(Fig. 2 F). By contrast, general levels of tyrosine residue phos-
phorylation and the levels of ZAP70 phosphorylation were
similar in all individuals tested, suggesting that ITK deficiency
selectively impairs PLCγ1 activation downstream from the
crosslinked TCR complex without affecting TCR activation more
broadly (Fig. 2 F and Fig. S3). Furthermore, the calcium flux of

total T lymphocytes from P1 and P2 was low after TCR cross-
linking with an anti-CD3 mAb (Fig. 2 G). Consistent with the
∼50% decrease in ITK protein levels observed on immunoblots,
the T lymphocytes of the father of P1 and P2 also presented a
partial decrease in calcium flux (Fig. 2 G). Finally, clinical in-
vestigations consistently revealed low levels of proliferation
upon stimulation with PHA and anti-CD3 mAb in T lymphocytes
from P1 and P2 (Table S1). Overall, these findings suggested that
the three patients had AR complete ITK deficiency.

Impaired T cell development in patients with inherited
ITK deficiency
ITK expression is restricted to T and NK cells in the lymphoid
lineage and mast cells in the myeloid lineage, in both humans
and mice (Berg et al., 2005; Khurana et al., 2007; Iyer and
August, 2008). We, therefore, hypothesized that ITK defi-
ciency might impair anti-TB immunity by impeding the devel-
opment of IFN-γ–producing T and NK lymphocytes. We
comprehensively characterized the impact of inherited ITK de-
ficiency on the development of leukocyte subsets by performing
deep immunophenotyping on peripheral blood mononuclear
cells (PBMCs) from P1, P2, and P3 (obtained at the ages of 20, 17,
and 4 yr, respectively) and the heterozygous members of their
families (Fig. 3). Blood samples from P2 tested negative for EBV-
DNA at the ages of 16 and 17 yr, suggesting that any immuno-
logical abnormalities in this patient resulted from ITK deficiency
rather than uncontrolled EBV viremia or related hematological
disorders (Fig. S2 A). Mononuclear myeloid cells (monocytes and
dendritic cells) and non-T lymphocytes (i.e., B cells, NK cells, and
innate lymphoid cells) were present in normal numbers. Among
innate-like adaptive T lymphocytes, the Vδ1+ and Vδ1−Vδ2− γδ T
lymphocyte populations displayed significant expansion, whereas
Vδ2+ γδ T and mucosal-associated invariant T (MAIT) cells were
unaffected. The numbers of invariant NK T (iNKT) lymphocytes
were within the range of adult and pediatric controls, albeit at the
lower end of this range, contrary to a previous report of a near-
complete absence of iNKT lymphocytes (Huck et al., 2009).
Despite the significantly lower numbers of blood CD4+ αβ T
lymphocytes, consistent with the routine immunophenotyping
data (Table S1 and S2), no decrease was observed in the counts for
CD4+ T-helper subsets (Fig. 3 B). CD8+ αβ T lymphocyte counts
were also normal, but naive CD8+ αβ T lymphocyte counts were
moderately low, as in Itk-deficient mice (Broussard et al., 2006).
Conversely, the CD4−CD8− double-negative (DN) αβ T lymphocyte
population was expanded (∼5% of circulating leukocytes), similar
to the FAS-deficient patient simultaneously studied who man-
ifested as an autoimmune lymphoproliferative syndrome (ALPS).
Itk-deficient mice present CD4+ αβ T lymphocytopenia, with a
concomitant expansion of the DN αβ T lymphocyte population in
peripheral lymph nodes (Liao and Littman, 1995) and an expan-
sion of γδ T lymphocytes in the thymus, spleen, and liver (Felices

The CADD score of 35.0 for the c.496C>T (R166*) allele is well above the MSC of 20.7 (Kircher et al., 2014; Itan et al., 2016; horizontal dotted line). (H) Gene-
level negative selection. Like other genes with mutations underlying AR IEI, ITK is not under negative selection, as shown by CoNeS (Rapaport et al., 2021).
(I) Schematic representation of the ITK protein. PH, pleckstrin homology domain; SH, Src homology domain. Previously reported homozygous or compound
heterozygous mutations are also shown.
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Figure 2. Analysis of ITK expression and function. (A–C) Studies of ITK alleles in an overexpression system. (A and B) Immunoblotting of the ITK protein
with two different mAbs. (C) Phosphorylation of phospholipase C-γ1. (D and E) Immunoblotting for endogenous ITK protein with two different antibodies, on
total T lymphocytes from P1, P2, their father, and one healthy control (Ctrl). (F) TCR signaling assay. Total T lymphocytes from P1, P2, their father, and one
healthy control were analyzed by immunoblotting for general tyrosine phosphorylation (pY) and for the phosphorylation of phospholipase C-γ1 without
stimulation or after 2 or 5 min of stimulation with anti-CD3 mAb. (G) Calcium (Ca2+) influx assay. Total T lymphocytes from P1, P2, their father, and one healthy
control were stimulated by TCR crosslinking (with anti-CD3 and anti-IgG mAbs) or ionomycin. Intracellular Ca2+ concentration was determined with Indo-1.
Representative results from at least two independent experiments are shown. Source data are available for this figure: SourceData F2.
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Figure 3. Immunophenotyping of ITK-deficient leukocytes. Freshly thawed PBMCs from P1, P2, P3 (obtained at the ages of 20, 17, and 4 yr, respectively),
healthy members of their families, and adult and pediatric controls, together with two IL-12Rβ1-deficient patients and one FAS-deficient patient, were im-
munophenotyped by spectral flow cytometry. (A) UMAP visualization of cellular composition for 50,000 cells per individual. Cellular identity was determined
by manual gating in FlowJo. (B) Abundance of leukocyte subsets. Experiments from two batches of experiments were compiled. Bars represent the mean and
SEM. The statistical significance of differences was determined for comparisons of ITK-deficient patients vs. adult, pediatric, and familial controls combined.
***, P < 0.001, two-tailed Wilcoxon’s rank sum tests with FDR adjustment.
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et al., 2009). Overall, human ITK deficiency impairs the devel-
opment of CD4+ αβ T lymphocytes while facilitating the devel-
opment of DN αβ T and Vδ1+/−Vδ2− γδ T lymphocytes.

Atypical phenotypes of aberrantly expanded ITK-deficient DN
αβ T lymphocytes
We investigated the origin of the expanded DN αβ T lympho-
cytes by performing T cell–focused immunophenotyping on
PBMCs from P1 (obtained at the ages of 18 and 19 yr), P2 (at the
age of 16 yr, free from EBV viremia), P3 (at the age of 4 yr), and
the heterozygous members of their families. We also analyzed a
patient homozygous for the R29C variant, a well-characterized
LOF mutant of ITK (Rigby et al., 2009), who had EBV viremia in
the absence of hematological disorders or a history of TB (P4). By
studying this patient, we were able to explore the phenotypic
alterations caused by ITK deficiency in the absence of a history
of TB disease. We also studied one FAS-deficient ALPS patient,
because an ITK-deficient patient with ALPS-like clinical mani-
festations has been reported (Wallace et al., 2020). We found a
unique CD38+CD45RA+T-bet+EOMES− phenotype in the DN αβ T
lymphocytes in all five samples from four ITK-deficient patients,
different from the previously reported CD38brightCD45RA+T-bet-

EOMES+ phenotype in FAS-deficient DN αβ T lymphocytes
(Rensing-Ehl et al., 2014; Maccari et al., 2020; Fig. 4, A and B).
The Vδ2− γδ T lymphocytes of the ITK-deficient patients also had
the same CD38+CD45RA+T-bet+EOMES− phenotype (Fig. 4 C).
We further investigated the role of ITK in governing the de-
velopment of DN αβ T lymphocytes by analyzing manually gated
DN αβ T lymphocytes by unsupervised clustering with Flow-
SOM (Fig. 4, D–F). DN αβ T lymphocytes from the FAS-deficient
patient formed a distinct cluster characterized by a unique
CD38brightCD45RA+PD-1+T-bet-RORγT+EOMES+ phenotype. Con-
versely, ITK-deficient DN αβ T lymphocytes formed another dis-
tinct cluster, which was in turn subdivided into two subclusters
“Tbet” and “TbetPD1” (Fig. 4, E and G). These two subclusters
shared high levels of T-bet expression (Fig. 4 F). In addition, the
“TbetPD1” and “Tbet” subclusters had CD34dimCD38+CD1a− and
CD34+CD38dimCD1a+ phenotypes, thus resembling the DN2 and
DN3 stages of human T cell development in the thymus, respec-
tively (Dik et al., 2005). Collectively, our analysis indicates that
inherited ITK deficiency diverts the development of normal CD4+

αβ T lymphocytes to atypical DN αβ T lymphocytes, which are
different from the pathogenic DN αβ T lymphocytes seen in FAS-
deficient individuals.

Expansion of γδ and CD4−CD8− αβ T lymphocytes in Itk-
deficient mice
We investigated the origin of the DN αβ T and Vδ2− γδ T lym-
phocyte populations expanded in the peripheral bloodstream of
ITK-deficient patients by studying the thymus and spleen of Itk-
deficient mice. We found high CD3+γδTCR+ γδ T lymphocyte
counts in the thymus and low CD3+TCRβ+ αβ T lymphocyte
counts in the spleen of Itk-deficient mice (Fig. 5 A). Thymic γδ T
lymphocytes from Itk-deficient mice had amoremature (CD24−)
phenotype with high levels of T-bet expression, whereas this
phenotype was not evident in the spleen (Fig. 5 B). Furthermore,
Itk-deficient γδ T lymphocytes in the thymus and spleen had an

enhanced CD73+PLZF+ phenotype (Fig. 5 B). CD73 is a marker of
thymic CD4−CD8− progenitors committed to a γδ T cell fate,
whereas PLZF is a transcription factor responsible for the
innate-like phenotype of subsets of both αβ and γδ T lympho-
cytes (Kreslavsky et al., 2009; Coffey et al., 2014). An expansion
of DN αβ T lymphocytes (excluding MR1- and CD1d-
tetramer–positive cells) was observed in the periphery
(spleen), but not in the thymus of Itk-deficient mice (Fig. 5 C).
We found that the DN αβ T lymphocytes in the spleen of Itk-
deficient mice displayed enhanced CD5 expression, and these
CD5hi cells had a CD44+CD122+PD-1− phenotype (Fig. 5 D). CD5 is
a marker of postselection thymocytes that is also expressed
on CD4−CD8− postselection intraepithelial lymphocyte pre-
cursors (IELPs) in the thymus. The CD44+CD122+ phenotype is
linked to a mature and activated state in thymocytes (Hanke
et al., 1994; Gangadharan, et al., 2006; McDonald et al., 2014),
and this phenotype is particularly marked in CD8+ T lym-
phocytes in Itk-deficient mice (Broussard et al., 2006). CD122+

IELP-like cells are also present in the spleen (McDonald et al.,
2014). Unlike γδ T lymphocytes, Itk-deficient DN αβ T cells
from the thymus and spleen displayed no alteration to T-bet
expression. Collectively, inherited ITK deficiency promotes γδ
lineage commitment and maturation in the thymus and,
therefore, the accumulation of γδ T cells in the periphery, also
causing DN αβ T cells resembling thymic IELPs to accumulate
in the periphery.

Impaired IFN-γ production by ITK-deficient T lymphocytes
We characterized the molecular basis of TB in ITK-deficient
patients by studying PBMCs from P1 and P2 (obtained at the
ages of 19 and 18 yr, respectively) and their father, and from
FAS-deficient, TYK2-deficient, and IL-12Rβ1-deficient patients.
P1’s leukocytes displayed impaired secretion of IFN-γ and tumor
necrosis factor (TNF) upon stimulation with anti-CD3/
CD28 mAb-conjugated beads, anti-CD2/CD3/CD28 mAb cocktail,
and PHA, whereas PMA and ionomycin (referred to hereafter as
P/I) induced normal levels of secretion, as shown by multiplex
ELISA (Fig. 6 A). The defects of P2’s cells were more profound
than those of P1’s cells. Leukocytes from P1 and P2 displayed
impaired secretion of IFN-γ and TNF following stimulation with
blinatumomab, an artificial CD3/CD19-bispecific T lymphocyte
engager (BiTE) enforcing immunological synapse formation be-
tween autologous T and B lymphocytes (Fig. 6 B). Secretion of the
TH2 cytokines IL-4/5/13 was also reduced, but to a lesser extent
than that of IFN-γ and TNF. To confirm the observation of im-
paired IFN-γ and TNF secretion, we then studied expanded T cell
blasts (T-blasts) from P1 and P2. Multiplex ELISA revealed an
impairment of IFN-γ secretion, but not of the secretion of TNF,
IL-4, IL-13, IL-17A, and IL-17F, by T-blasts from P1 and P2 in re-
sponse to anti-CD3 mAb-conjugated beads (Fig. 6 C and Fig. S4
A). IL-9 secretion was also reduced, consistent with a previous
report demonstrating the essential role of ITK in the TCR
crosslinking-triggered induction of IRF4 and the differentiation
of TH9 cells (Gomez-Rodriguez et al., 2016; Fig. S4 B). Flow cy-
tometry showed that the production of IFN-γ and TNF was im-
paired (Fig. 6 D). Furthermore, the lentiviral transduction of
T-blasts from P2 with WT ITK, but not with an empty vector
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Figure 4. Atypical phenotypes of ITK-deficient DN αβ and γδ T lymphocytes. PBMCs from P1 (obtained at the ages of 18 and 19 yr), P2 (obtained at the
age of 16 yr, free from EBV viremia), P3 (at the age of 4 yr), heterozygous members of their families, one patient with a homozygous LOF (R29C) mutation of ITK
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with EBV viremia but no history of TB, and one FAS-deficient patient were studied by flow cytometric immunophenotyping. (A) A representative plot of CD38
and T-bet expression. (B and C) Phenotypes of (B) DN αβ T and (C) Vδ2− γδ T lymphocytes. Results from three batches of experiments are compiled.
(D–G) FlowSOM-guided clustering analysis. (D and E) UMAP plots of (D) all DN αβ T lymphocytes and (E) 2,500 cells per group. Equal numbers of cells were
randomly sampled from each individual in each group. (F) Heatmap of scaled median expression levels. (G) Cluster abundance. In B, C, and G, the bars
represent the mean and SEM. In B and C, statistical significance was determined for differences between ITK-deficient patients and adult, pediatric, and familial
controls combined. ***, P < 0.001, two-tailed Wilcoxon’s rank sum tests with FDR adjustment.

Figure 5. Expansion of the γδ and DN αβ T cell
populations in Itk-deficient mice. Five WT and Itk-
deficient mice (C57BL/6 background) were studied in
two batches of experiments. (A) Frequencies of αβ
and γδ T cells in the thymus (Thy) and spleen (Spl).
(B) Phenotypes of γδ T cells. CD24 staining was
performed for only three of the five mice. (C) αβ
T cell subsets. (D) Phenotypes of DN αβ T cells. Bars
represent the mean and SEM. Statistical significance
was determined for differences between WT and
Itk-deficient mice. n.s., not significant. *, P < 0.05,
two-tailed Wilcoxon’s rank sum tests with FDR
adjustment.
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Figure 6. Impaired production of IFN-γ and TNF by ITK-deficient T lymphocytes. (A and B) PBMCs from P1 and P2 (obtained at the ages of 19 and 18 yr,
respectively) and their father were stimulated for (A) 18 h or (B) 3 or 5 d with IL-2. Secreted cytokine levels were determined in LEGENDplex assays. Technical
duplicates were prepared for (A) P1 or (B) P1, P2, and their father (except P2 for 3 d). (C and D) Expanded T cell blasts (T-blasts) from P1 and P2were stimulated
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(EV), enhanced the anti-CD3 antibody-stimulated production of
IFN-γ and TNF, as determined by flow cytometry (Fig. 6 E). Fi-
nally, the pharmacological inhibition of ITK reduced the se-
cretion of IFN-γ and TNF in CD4+ T-blasts from healthy
donors stimulated with anti-CD3, anti-CD3/CD28, anti-CD2/
CD3/CD28 mAbs, and PHA, as shown by ELISA, whereas
P/I-induced secretion was normal (Fig. 6 F). Thus, ITK defi-
ciency partially impairs, but not abolishes, IFN-γ production
by T lymphocytes.

Impaired IFN-γ production by ITK-deficient lymphocytes in
response to mycobacteria
We tested the hypothesis that ITK deficiency impairs the pro-
duction of IFN-γ in response to mycobacterial stimulation by
studying whole-blood samples from P1 and P2 (obtained at the
ages of 19 and 16 yr, respectively), their father, and a local
control. Upon stimulation with live BCG alone or BCG plus IL-12,
leukocytes from P2 displayed impaired IFN-γ secretion (Fig. 7
A), whereas no such impairment was observed for the leuko-
cytes from P1. We then studied PBMCs from P1, P2, P4, one IL-
12Rβ1-deficient patient, and local controls. Cells were stimulated
with combinations of BCG, IL-12, and IL-23 for 40 h and then
with a secretion inhibitor for 8 h. Multiplex ELISA revealed low
levels of IFN-γ secretion in the three ITK-deficient patients upon
stimulation with IL-23, BCG, or BCG plus IL-23, whereas the
response to P/I was normal (Fig. 7 B). The secretion of other
cytokines, including TNF, IL-10, IL-1β, and IL-6, was normal
(Fig. 7 B and Fig. S5 A). Moreover, intracellular flow cytometry
showed impaired IFN-γ production by Vδ2+ γδ T and MAIT cells
upon stimulation with BCG, IL-23, or both (Fig. 7, C–E), sug-
gesting that these innate-like adaptive T lymphocytes account
for the impairment of IL-23–dependent IFN-γ production. By
contrast, pharmacological ITK inhibition did not affect the
phosphorylation of STAT3 or the secretion of IFN-γ, TNF, and
IL-17A triggered by IL-23 in sorted Vδ2+ γδ T and MAIT cells
from healthy donors, suggesting that inherited ITK deficiency
disrupts the functions of these cells, but not their IL-
23–responsive signaling pathway per se (Fig. S5, B and C).
Furthermore, CD4+, CD8+, and DN αβ T lymphocytes displayed
impaired IFN-γ production in response to BCG (Fig. 7 E). Vδ1+ γδ
T lymphocytes displayed normal IFN-γ production in all con-
ditions tested, possibly partly compensating for the overall re-
duction of IFN-γ production (Fig. 7, B and E). Conversely, TNF
production was normal in response to IL-23, BCG, or BCG plus
IL-23, consistent with the normal levels of total TNF secretion
(Fig. 7 B and Fig. S5 D). Thus, inherited ITK deficiency impairs
IFN-γ production by CD4+/CD8+/DN αβ T, Vδ2+ γδ T, and
MAIT cells.

Human ITK governs the cytotoxic functions of innate-like
adaptive T lymphocytes
ITK-deficient patients are susceptible to certain chronic viral
infections, such as EBV and HPV infections, perhaps due to
impaired T cell cytotoxicity. As we observed defective IFN-γ
production, particularly by ITK-deficient Vδ2+ γδ T and
MAIT cells in the BCG infection assay in vitro, we investigated
whether human ITK was required for optimal cytotoxicity in
innate-like adaptive T lymphocytes. We cocultured Raji cells (a
human EBV-positive Burkitt’s lymphoma cell line) and sorted
Vδ1+ γδ T, Vδ2+ γδ T,MAIT, and iNKT lymphocytes from healthy
donors with or without pharmacological ITK inhibition and
BiTE-triggered synapse formation. Raji cells were prestained
with CFSE for subsequent quantification by flow cytometry. By
counting the Raji cells surviving after 24 h of coculture, we
found that pharmacological ITK inhibition partially prevented
BiTE-triggered Raji cell killing by Vδ1+ and Vδ2+ γδ T lympho-
cytes, but not by MAIT or iNKT cells (Fig. 8 A). However, when
we calculated the ratio of the number of surviving Raji cells in
wells with BiTE to that without BiTE to eliminate the between-
donor variability, the impact of pharmacological ITK inhibition
became statistically significant for Vδ1+ γδ T, Vδ2+ γδ T, and
iNKT lymphocytes (Fig. 8 B). We also determined secreted cy-
tokine and cytotoxic effector molecule levels by multiplex
ELISA. Pharmacological ITK inhibition partially reversed the
BiTE-triggered enhancement of IFN-γ secretion by Vδ2+ γδ T,
MAIT, and iNKT lymphocytes (Fig. 8 C). The secretion of TNF,
IL-4, soluble FAS ligand, granzyme A, and granzyme B by Vδ2+

γδ T and MAIT cells was also partially inhibited by pharmaco-
logical ITK inhibition. By contrast, ITK inhibition did not affect
the secretion of perforin by any of the cell types tested. Thus,
human ITK is required for the optimal killing of virus-
transformed cells and the secretion of cytotoxic mediators by
innate-like adaptive T lymphocytes, potentially accounting for
the predisposition to chronic viral diseases in patients with ITK
deficiency.

Discussion
EBV-driven hematological disorders are characteristic of in-
herited ITK deficiency in humans (Huck et al., 2009; Stepensky
et al., 2011; Linka et al., 2012; Mansouri et al., 2012; Ghosh et al.,
2014; Ghosh et al., 2018; Alme et al., 2015; Bienemann et al., 2015;
Cipe et al., 2015; Çaǧdaş et al., 2017; Mo et al., 2019; Youssefian
et al., 2019; Eken et al., 2019; Fang et al., 2019; Howe et al., 2019).
However, 4 of the 23 reported ITK-deficient patients from 16
kindreds had no overt EBV-related disease on presentation.
Serwas et al. (2014) reported a 17-yr-old Turkish patient with

for 2 h with various reagents and then for an additional 5 h in the presence of a secretion inhibitor. Secreted cytokines were determined with the LEGENDplex
assay, and intracellular cytokine levels were determined by flow cytometry. Technical duplicates were prepared for the unstimulated and anti-CD3 mAb-
conjugated bead-stimulated samples. (E) Lentiviral rescue. P2’s T-blasts underwent lentiviral transduction with the EV or the WT ITK CDS. Cells were selected
on puromycin. Cells were either left unstimulated or stimulated with anti-CD3 mAb-conjugated beads for 5 h. Cytokine production was assessed by flow
cytometry. (F) Pharmacological ITK inhibition. Magnetically enriched CD4+ T-blasts from four healthy donors were incubated for 1 h with DMSO or an ITK
inhibitor (BMS509744) and were then stimulated for 6 h. Secreted cytokines were determined in LEGENDplex assays. In A–D and F, bars represent the mean
and SEM. In A–D, statistical significance was determined for differences between the two ITK-deficient patients on the one hand, and local and familial controls
on the other. *, P < 0.05; **, P < 0.01; ***, P < 0.001, and two-tailed Wilcoxon’s rank sum tests with FDR adjustment.
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Figure 7. Impaired IFN-γ production in response to mycobacteria. The blood samples of P1 and P2 were obtained at the ages of 19 and 16 yr, respectively.
(A)Whole-blood BCG infection assay. One local control and one travel control were grouped as controls. Secreted IFN-γ levels were determined by ELISA. For
comparison, data from a previous study (Boisson-Dupuis et al., 2018) are also shown. (B–E) PBMC BCG infection assay. Freshly thawed PBMCs from P1, P2, P4,
one IL-12Rβ1-deficient patient, and healthy local controls were stimulated for 40 h with various combinations of IL-12, IL-23, and BCG, and were then incubated
with a cytokine secretion inhibitor for 8 h. (B) Secreted cytokine levels, as determined in LEGENDplex assays. (C and D) UMAP visualization of (C) manually
gated cell subsets without stimulation and (D) IFN-γ and T-bet expression in non-stimulated and BCG-stimulated cells, as determined by flow cytometry.
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persistent CD4+ T lymphocytopenia and recurrent pulmonary
infections. However, this patient subsequently presented leio-
myoma and a high EBV load in the blood. Çaǧdaş et al. (2017)
reported a Turkish patient with recurrent febrile pneumonia
who died from respiratory insufficiency at the age of 3 yr, with
no documentation of EBV load. Our group reported a 44-yr-old
Iranian patient with EV and EBV viremia (Youssefian et al.,
2019). Finally, Wallace et al. (2020) reported a 13-yr-old Iraqi
patient presenting with ALPS. The blood of this patient tested
negative for EBV-DNA, but in situ hybridization revealed the
presence of EBV-encoded small nuclear RNA in the lymph nodes.
We describe here three more ITK-deficient patients without
overt EBV-related disease on presentation. EBV-DNA was un-
detectable in P2 at the ages of 16 and 17 yr, 7 yr after her first TB
episode. Hence, to our knowledge, P2 is the first ITK-deficient
patient characterized immunologically in the absence of either
uncontrolled EBV infection or overt EBV-related disease. All
three patients live in regions of endemic TB (P1 and P2 in Iran
and P3 in Turkey), and their exposure to and infection with TB-
causing virulent mycobacteria seems to have prompted the ge-
netic diagnosis of ITK deficiency. In hindsight, recurrent and
unexplained respiratory tract infections have been documented
in seven reported ITK-deficient patients, including the 3-yr-old
Turkish patient who died from respiratory insufficiency at the
age of 3 yr (Çaǧdaş et al., 2017). The penetrance of ITK deficiency
for classical EBV-driven hematological disorders is, thus, in-
complete, at least by the mid-20s, and it is crucial to consider
infections other than EBV-related diseases, including TB, when
confronted with patients with inherited ITK deficiency. Con-
versely, ITK deficiency should be considered in patients pre-
senting with severe TB.

Our extensive immunophenotyping analysis of P2 revealed
the defects of leukocyte development caused by ITK deficiency
without confounding due to uncontrolled EBV infection or
disease. All the patients reported here had several im-
munophenotypes in common: (1) CD4+ αβ T lymphocytopenia,
(2) an expansion of CD4−CD8− DN αβ T lymphocytes, and (3) an
expansion of Vδ1+/−Vδ2− γδ T lymphocytes. Consistently, CD4+

αβ T lymphocytopenia and an expansion of DN αβ T and γδ T
lymphocytes have been reported in Itk-deficient mice (Liao and
Littman, 1995; Felices et al., 2009). We found that thymic and
splenic γδ T lymphocytes had a CD73+PLZF+ phenotype in Itk-
deficient mice, suggesting enhanced PLZF-driven differentiation
into the γδ lineage in the thymus (Kreslavsky et al., 2009). By
contrast, no expansion of the Vδ2+ T lymphocyte population was
observed in the ITK-deficient patients, suggesting that the devel-
opment of this human-specific subset is regulated differently.
Furthermore, our extensive phenotyping analysis showed that the
two expanded subsets—DN αβ T and Vδ2− γδ T lymphocytes—had
the same CD38+CD45RA+T-bet+EOMES− phenotype, different from
the “FAS-controlled” CD38brightCD45RA+T-bet−EOMES+ DN αβ T
lymphocytes seen in patients with FAS deficiency or STAT3 GOF

mutations (Maccari et al., 2020). Although one ITK-deficient
patient with a phenotype mimicking ALPS has been reported
(Wallace et al., 2020), our analysis suggests that the expansion
of the DN αβ T lymphocyte population is driven by different
pathophysiological mechanisms in these two IEI. We found
that splenic DN αβ T lymphocytes in Itk-deficient mice were
skewed toward a mature and activated (CD5hiCD44+CD122+)
phenotype analogous to IELPs (Hanke et al., 1994; McDonald et al.,
2014). In normal mice, thymic IELPs become TCRαβ+CD4−CD8−

cells before egressing (Gangadharan et al., 2006) and acquiring
T-bet expression in an IL-15–dependent manner in the gut (Klose
et al., 2014; McDonald et al., 2014). ITK deficiency impairs IRF4
expression in humans and mice and the IRF4-dependent gut-
homing properties of T lymphocytes in mice (Gomez-Rodriguez
et al., 2016; Cho et al., 2020). We, therefore, speculate that ITK-
deficient IEL-like DN αβ T lymphocytes cannot stably reside in the
gut and that they instead re-enter the bloodstream. Consistent
with this notion, activated (CD38+) and gut-homing (CD103+) IELs
re-enter the bloodstream upon gluten challenge in patients with
celiac disease (Han et al., 2013). Our analysis, therefore, suggests
that ITK deficiency prompts commitment to the Vδ2− γδ lineage in
the thymus and prevents IEL-like DN αβ T lymphocytes from
residing in the gut.

The three patients with inherited ITK deficiency reported
here suffered from disseminated TB but not MSMD, despite BCG
vaccination. Consistently, Itk-deficient mice display impaired
bacterial clearance and aggravated lung disease after intranasal
M. tb infection (Huang et al., 2020). ITK deficiency does not
impair the development of IFN-γ–producing lymphocyte sub-
sets, including TH1, TH1*, Vδ2+ γδ T, MAIT, iNKT, and NK lym-
phocytes, unlike genetic etiologies of MSMD, such as T-bet and
RORγ deficiencies (Okada et al., 2015; Yang et al., 2020). How-
ever, functionally, IFN-γ production by ITK-deficient T lym-
phocytes was impaired upon TCR crosslinking, mitogen, or
artificial immunological synapse formation. This impairment
was phenocopied by pharmacological ITK inhibition and at least
partially rescued by lentiviral complementation with WT ITK.
Consistently, impaired IFN-γ production has been observed in
(i) Itk-deficient murine CD4+ αβ T lymphocytes upon TCR
crosslinking or after 3 d of culture under TH1-polarizing con-
ditions (Schaeffer et al., 2001) and (ii) naive CD4+ αβ T lym-
phocytes from mice transgenic for an allele-sensitive mutant of
Itk (Itkas) cultured in TH1-polarizing conditions in the presence
of a specific inhibitor or Itkas (Kannan et al., 2015). However,
enhanced IFN-γ production has been reported in (i) P/I-stimu-
lated total αβ T lymphocytes from a patient with a homozygous
LOF mutation of ITK (Eken et al., 2019), (ii) ITK-silenced, anti-
CD3/CD28 antibody-stimulated human peripheral blood T lym-
phocytes (Kannan et al., 2013), and (iii) Itk-deficient murine
CD4+ αβ T lymphocytes 10 d after pulmonary infection with
Schistosoma mansoni (Schaeffer et al., 2001). Thus, ITK appears to
control IFN-γ production in a context-dependent manner. By

Results for 10,000 randomly downsampled cells per sample are visualized. (E) IFN-γ production by lymphocyte subsets. In A, B, and E, bars represent the mean
and SEM. In B and E, statistical significance was determined for comparisons of the three ITK-deficient patients with local controls. *, P < 0.05, two-tailed
Wilcoxon’s rank sum tests with FDR adjustment.
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challenging ITK-deficient leukocytes (obtained long after the
clinical remission of TB) with BCG, we demonstrated profoundly
impaired IL-23-dependent IFN-γ production by MAIT and Vδ2+

γδ T lymphocytes, two well-established IFN-γ–producing

lymphocyte subsets (Le Bourhis et al., 2010; Chen, 2016), and
partially impaired IFN-γ production by CD4+, CD8+, and DN αβ T
lymphocytes. Indeed, the impairment of IL-23 signaling confers
a predisposition to TB in humans (Boisson-Dupuis et al., 2018;

Figure 8. Human ITK is required for optimal cytotoxicity in innate-like adaptive T lymphocytes. Innate-like adaptive T lymphocyte subsets were sorted
from two to three healthy donors, expanded for 2 wk, and cocultured with CFSE-stained Raji cells with or without BiTE in the presence of DMSO or an ITK
inhibitor (BMS509744). After 24 h of coculture, the supernatants were collected and analyzed with a LEGENDplex assay. The cells were acquired with an
Attune NxT automated flow cytometry instrument to quantify the remaining CFSE+ Raji cells in equal volumes of sample. (A) Absolute numbers of Raji cells per
well. (B) The ratio of the numbers of Raji cells in wells with and without BiTE. A higher ratio indicates more potent BiTE-induced Raji cell killing. (C) Secreted
cytokines and cytotoxic effector molecules. Bars represent the mean and SEM. Statistical significance was determined for comparisons between samples with
or without ITK inhibition. n.s., not significant. *, P < 0.05; **, P < 0.01, and two-tailed Wilcoxon’s rank sum tests with FDR adjustment. Representative results
from two independent experiments are shown.
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Ogishi et al., 2022). Overall, inherited ITK deficiency function-
ally impedes multiple IFN-γ–producing lymphocyte subsets,
leading to insufficient protection against TB, but sufficient im-
munity to BCG and environmental mycobacteria.

Materials and methods
Case reports
The Iranian proband (P1) was a 13-yr-old boy born to a con-
sanguineous family. He suffered from 3 mo of spiking fever,
weight loss, night sweats, abdominal pain, and left-sided tonic-
clonic seizure. Diagnostic imaging revealed one abdominal ab-
scess and multiple mesenteric lymphadenopathies. Magnetic
resonance imaging (MRI) of the head (T2-weighted) also re-
vealed a high-intensity lesion in the right temporal lobe, sug-
gesting cerebral mycobacterial infection. Histological
examination revealed granulomatous lesions with central ca-
seation and the presence of acid-fast bacilli (detected by
Ziehl–Neelsen staining) in a surgical lymph node biopsy spec-
imen. Bacterial culture of the abdominal abscess drainage ma-
terial revealed virulent M. bovis (different from the BCG
substrain, as proved by species-specific PCR). A tuberculin skin
test (TST) was negative (0 mm induration), and sputum culture
results were unremarkable. 9 mo of antimycobacterial therapy
(isoniazid, rifampicin, ethambutol, and streptomycin) with con-
comitant subcutaneous recombinant human IFN-γ (Imukin,
50 μg/m2, three times per week) treatment for 6 mo led to com-
plete remission of the disease, including cerebral lesion. This pa-
tient completed 4 yr of treatment and has been off treatment ever
since. He did not suffer any adverse events (including BCG-itis)
following the BCG vaccination performed 3 d after birth. Key
features of his medical history included recurrent sinopulmonary
infections at the age of 2 yr and generalized tonic-clonic seizures
at the age of 3 yr (treated with carbamazepine for 1 yr). The pa-
tient had also had scattered common warts on the forehead and
extremities since the age of 12. Cryotherapy was effective, but
frequent recurrence of the warts was observed. HPV genotyping
was not performed. At the age of 19 yr, this patient had high levels
(>750 U/ml, saturated) of EBV VCA-IgG but no detectable VCA-
IgM or EBNA antibodies. He also had high titers of EBV-DNA in
the blood from the age of 19 onwards. He is now 28 yr old and
healthy, despite the persistence of cutaneous warts, but with no
recurrence of TB or any signs suggestive of EBV disease.

P1’s younger sister (P2) suffered from pulmonary TB at the
age of 10 yr; this case has been published elsewhere (Majzoobi
et al., 2019). Sputum culture revealed M. tb. A TST gave an in-
duration of 5 mm (weakly positive). P2 recovered after 6 mo of
antimycobacterial therapy (isoniazid, rifampicin, ethambutol,
and pyrazinamide). She completed 2 yr of treatment and has
remained off treatment ever since. However, at the age of 23 yr,
she developed scrofuloderma (cutaneous TB) and retinal TB. She
received standard four-drug antimycobacterial therapy for 6
mo. After 8 mo, she presented with hypertension and impaired
renal function. Renal biopsy revealed granulomatous interstitial
nephritis, but PCR was negative for M. tb. Combination therapy
(isoniazid, rifampicin, ethambutol, and pyrazinamide) for 6 mo
and recombinant human IFN-γ (Gammarec, 50 μg/m2, three

times per week) treatment resulted in disease stabilization, with
residual renal impairment. P2 was vaccinated with BCG 3 d after
birth with no adverse events. She had had cutaneous warts on
her extremities since the age of 15 yr and had suffered from
genital warts since the age of 17 yr. These warts responded to
cryotherapy, but they recurred frequently. HPV genotyping on a
genital wart sample showed the presence of HPV type 6. At the
age of 16 yr, P2 had high titers of EBV-VCA-IgG (>750 U/ml,
saturated) but no detectable VCA-IgM or EBNA antibodies. Her
blood tested negative for EBV-DNA at the ages of 16 and 17 yr,
suggesting that she developed TB when her immunity was still
capable of controlling EBV infection. However, she currently has
high titers of EBV-DNA in her blood at the age of 25 yr. She is
currently treated with recombinant human IFN-γ (Gammarec,
50 μg/m2, twice weekly) and remains clinically free from any
EBV disease or TB recurrence.

The Turkish patient (P3) was a 4-yr-old boy born to a con-
sanguineous family. He suffered from an intermittent chronic
cough that persisted for a year. His familial history was unre-
markable. Physical examination was also unremarkable, and the
patient had no common warts. His chest x ray had a nodular
appearance, and his thoracic CT scan showed the presence of
miliary nodules spreading bilaterally in the lung andmediastinal
lymphadenopathy. Abdominal ultrasound and cranial MRI scans
showed no lesions. Serological tests for HIV were negative. A
TST was negative, despite the patient having been vaccinated
with BCG at the age of 2 mo. An IFN-γ release assay, Ziehl–
Neelsen staining, and mycobacterial culture of a sputum speci-
men were also negative. Despite these negative test results, the
patient was diagnosed withmiliary TB on the basis of his clinical
history and radiological findings. Treatment with a four-drug
anti-TB regimen (rifampicin, isoniazid, pyrazinamide, and eth-
ambutol) for 1 yr led to radiological and clinical improvement.
However, the patient presented with fever and toothache at the
age of 5 yr. Physical examination revealed a 2-cm palpable
spleen, but the peripheral lymph nodes were not palpable. Chest
x ray and CT scan revealed an enlarged mediastinal area. Posi-
tron emission tomography (PET)-CT showed FDG-avid lymph-
adenopathies in themediastinum and spleen. EBV-DNA PCRwas
positive on blood (5.55 log IU/ml), whereas CMV, HHV-6, and
HHV-7 were undetectable. No blasts were observed in a blood
smear. Immunohistochemical examination of a bone marrow
biopsy specimen showed CD15+CD30+CD45− cells, and histolog-
ical examination revealed the presence of Reed–Sternberg cells.
EBV-DNA was detected in the bone marrow aspiration fluid
(4.92 log IU/ml). The patient was diagnosed with stage IV
Hodgkin’s lymphoma and was treated with a standard chemo-
therapy regimen plus rituximab. His fever abated and blood
EBV-DNA became undetectable after two courses of
chemotherapy.

Human subjects
The patients and their parents, together with patients with
biallelic LOF mutations of TYK2 and IL12RB1, were recruited at
the Necker Hospital for Sick Children. A patient with a biallelic
LOF mutation of FAS was recruited at the National Institute of
Allergy and Infectious Diseases. Healthy volunteers were
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recruited at The Rockefeller University. Written informed con-
sent was obtained from all patients, family members, and
healthy volunteers enrolled in this study. The study was ap-
proved by the institutional ethics committees of The Rockefeller
University, Necker Hospital for Sick Children, and Sidra Medi-
cine and performed in accordance with the requirements of
these bodies. Experiments on samples from human subjects
were conducted in the United States, France, and Qatar in ac-
cordance with local regulations and with the approval of the
Institutional Review Board of the corresponding institution.

Phage immunoprecipitation sequencing for microbial
antigens (VirScan)
The reactivity of circulating antibodies against common patho-
gens in plasma samples from the two Iranian patients (P1 and
P2) and healthy controls was profiled with an expanded version
of the original VirScan library, as previously described (Béziat
et al., 2021). Pooled human plasma for intravenous immuno-
globulin therapy (Privigen CSL Behring AG) and IgG-depleted
human serum (Molecular Innovations, Inc.) were used as addi-
tional controls.

WES and variant filtering
WES was performed, and homozygosity rates were estimated
from the patients’ genomic DNA, as previously described
(Belkadi et al., 2016). Variant blacklisting was performed, as
previously described (Maffucci et al., 2019). Minor allele fre-
quencies (MAFs) in the general population, as reported in gnomAD
database v2.1.1, and precomputed combined annotation–dependent
depletion (CADD v1.3) scores (Kircher et al., 2014) were used for
variant filtering. The MSC was calculated as previously described
(Itan et al., 2016).

Sanger sequencing
Genomic DNA was extracted from whole-blood samples and
expanded T cell blasts (T-blasts) from the patients and their
healthy familymembers. PCR products were sequenced with the
BigDye Terminator Cycle Sequencing Kit (Applied Biosystems).
Sequencing products were purified with Sephadex G-50 Su-
perfine Resin (GE Healthcare). Sequences were determined with
an ABI 3730 DNA Analyzer (Applied Biosystems). Sequencing
spectrum data were analyzed with Geneious software (https://
www.geneious.com).

Cells
PBMCs were isolated from venous blood samples by Ficoll–
Hypaque density gradient centrifugation (GE Healthcare). Cells
were cryopreserved and stored at −150°C until use. Thawed
PBMCs were allowed to rest temporarily in RPMI-1640 medium
with GlutaMAX supplemented with 10% FBS (lymphocyte
medium). T-blasts were generated by culturing PBMCs in
ImmunoCult-XF T Cell Expansion Medium (Cat: 10981; StemCell
Technologies) supplemented with ImmunoCult Human CD3/
CD28/CD2 T-Cell Activator (Cat: 10970, 1:100; StemCell Tech-
nologies) and recombinant human IL-2 (rIL-2; Cat: 11147528001;
Roche, 10 ng/ml). During continuous cultures, rIL-2 was added
to the culture every 48 or 72 h. T-blasts were reactivated with

the CD3/CD28/CD2 tetramer once every 10–14 d. Raji B lym-
phoma cells were cultured in a lymphocyte medium.

Lentiviral transduction
A full-length coding sequence (CDS) of the WT human ITK gene
was inserted into the pTRIP-CMV-Puro-2A vector (a gift from
Nicolas Manel [Institut Curie, PSL Research University, INSERM
U932, Paris, France]; plasmid #102611; Addgene; Gentili et al.,
2015). The two mutants, c.496C>T (R166*) and c.1772T>C
(M591T), were constructed by site-directed mutagenesis. Se-
quencing was performed to confirm the identity of the insert.
For lentivirus production, HEK293T cells were dispensed in a 6-
well plate at a density of 8 ×105 cells/well, in 2 ml/well DMEM
supplemented with 10% FBS. The next day, cells were trans-
fected with pCMV-VSV-G (0.2 µg), pHXB2-env (0.2 µg; National
Institutes of Health [NIH]–AIDS Reagent Program; #1069),
psPAX2 (1 µg; a gift from Didier Trono [School of Life Sciences,
Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzer-
land]; plasmid #12260; Addgene), and either pTRIP-CMV-Puro-
2A or a vector encoding the protein of interest (1.6 µg) inOpti-MEM
(Gibco, 300 µl) containing Lipofectamine 2000 (Invitrogen,
10 µl) and PLUS Reagent (Invitrogen, 3 µl), according to the
manufacturer’s protocol. After 6 h of transfection, the medium
was replaced with 3 ml DMEM supplemented with 10% FBS and
150 µl 20% BSA/PBS (final concentration: 1% BSA), and the cells
were incubated for a further 60 h for the production of lenti-
viral particles. The viral supernatant was harvested, centri-
fuged at 500 g for 10 min at 4°C to remove debris, and
concentrated with the Lenti-X Concentrator (Cat: 631232; Ta-
kara Bio). Protamine sulfate (Sigma-Aldrich, 10 µg/ml) was
added to the resuspended viral stock, which was then used
immediately or stored at −80°C until use.

HEK293T cells were dispensed in a 6-well plate at a density of
2 × 105 cells/well in 2 ml of DMEM with 10% FBS. The next day,
the cells were infected with the concentrated lentiviruses and
incubated for 48 h at 37°C. The medium was then replaced and
puromycin was added (5 µg/ml).

T-blasts (restimulated with anti-CD3/CD28/CD2 tetramer 2 d
before transduction) were dispensed into a U-bottomed 96-well
plate at a density of 2 × 105 cells/well in 100 µl of ImmunoCult-
XF T Cell Expansion Medium. Viral supernatant was added (100
µl per well) and the cells were spinoculated for 2 h at 1,200 g at
25°C. The cells were further incubated for 48 h at 37°C. The
medium was then replaced with ImmunoCult-XF T Cell Ex-
pansion Medium supplemented with rIL-2. Puromycin was
added 96 h after spinoculation (2 µg/ml).

Immunoblotting analysis of ITK expression and signaling
Immunoblotting was performed with HEK293T cells, as previ-
ously described (Ogishi et al., 2021). Briefly, total protein was
extracted fromHEK293T cells stably transduced with an EV, WT
ITK, R166* ITK, or M591 ITK with or without transient trans-
fection with the WT PLCG1-DDK plasmid or EV. The PLCG1
plasmid, purchased from OriGene, harbors the full-length CDS
of WT human PLCG1 with a C-terminal DYKDDDDK-tag. Phos-
Stop (Cat: 4906845001; Sigma-Aldrich) was included for PLCγ1
phosphorylation analysis. SDS-PAGE was performed in 12.5 and
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7.5% polyacrylamide gels for ITK and PLCγ1, respectively. The
resulting protein bands were transferred onto a polyvinylidene
difluoride membrane. The membrane was probed with the fol-
lowing primary antibodies: anti-ITK mAb for the N-terminal
epitope (Cat: ab32039; Abcam, Clone: Y401, 1:1,000, 4 °C over-
night), anti-ITK mAb for the C-terminal epitope (Cat: 77215; Cell
Signaling Technology, Clone: E4X7M, 1:1,000, 4 °C overnight),
anti-phospho-PLCγ1 (Y783) rabbit polyclonal antibody (Cat:
2821, 1:1,000; Cell Signaling Technology, 4 °C overnight), HRP-
conjugated anti-DDK mAb (Cat: 637311, Clone: L5, 1:2,000;
BioLegend, room temperature for 1 h), and HRP-conjugated
anti-vinculin mAb (Cat: sc-73614, Clone: 7F9, 1:1,000; Santa
Cruz, 4 °C overnight).

Total T-blasts cultured for 10–14 d were analyzed by immu-
noblotting. ITK expression was analyzed with the following
antibodies: anti-ITK mAb for the N-terminal epitope (Cat: 2380,
Clone: 2F12, 1:1,000; Cell Signaling Technology, 90 min at room
temperature), anti-ITK rabbit polyclonal antibody for the
C-terminal epitope (Cat: ab3213; Abcam), and anti-KU mAb (Cat:
4103, Clone: D35, 1:1,000; Cell Signaling Technology). For PLCγ1
analysis, T-blasts were stimulated with the anti-CD3 mAb
(Clone: OKT3, 1 mg/ml) followed by rabbit anti-mouse IgG
(2 mg/ml) for the times indicated. Cells (4 × 106 cells for each set
of conditions) were then lysed in 1% NP40, 50 mM Tris pH 8,
150 mM NaCl, 20 mM EDTA, 1 mM Na3VO4, 1 mM NaF, and
complete protease inhibitor cocktail (Roche). Protein concen-
trations were determined in a BCA assay (Bio-Rad). We then
subjected 80 mg of protein to SDS–PAGE and transferred the
resulting bands onto PVDF membranes (Millipore). The mem-
branes were blocked with milk or BSA and then incubated with
antibodies. The following antibodies were used for immuno-
blotting: anti-PLCγ1 polyclonal antibody (Cat: 2822, 1:1,000; Cell
Signaling Technology, room temperature for 1 h), anti-phospho-
PLCγ1 (Y783; Cat: 2821, 1:1,000; Cell Signaling Technology, room
temperature for 1 h), anti-phosphorylated tyrosine (Cat: 96215,
Clone: 4G10, 1:1,000; Cell Signaling Technology, room temper-
ature for 1 h), anti-KU70 (Cat: 4103, 1:1,000; Cell Signaling
Technology, room temperature for 1 h), anti-phospho-ZAP70
(Y319; Cat: 2701, 1:1,000; Cell Signaling Technology, 4 °C over-
night), anti-ZAP70 (Cat: 3165, Clone: D1C10E, 1:1,000; Cell Sig-
naling Technology, 4 °C overnight), and anti-α-tubulin (Cat:
sc-5286, Clone: B-7, 1:200; Santa Cruz Biotechnology, 4 °C
overnight) antibodies. The membranes were then washed and
incubated with anti-mouse or anti-rabbit HRP-conjugated sec-
ondary antibodies. The Pierce ECLWestern Blotting Substrate or
SuperSignal West Femto Maximum Sensitivity Substrate was
used for detection.

Calcium influx assay
Calcium influx into total T lymphocytes from freshly thawed
PBMCs was analyzed by real-time flow cytometry, as previously
described (Hauck et al., 2012). Briefly, cells were loaded with
indo-1 acetoxymethyl ester (Molecular Probes, 5 μM) in the
presence of 2.5 mM probenecid (PowerLoad; Molecular Probes),
washed, surface-stained for CD4 and CD8, washed, stimulated
with anti-CD3 mAb (Clone: OKT3, 1 μg/ml) followed by F(ab9)

2 rabbit–anti-mouse IgG (Jackson Immunoresearch, 10 μg/ml),

and then further stimulated with ionomycin (Sigma-Aldrich,
1 μM). Cells were analyzed with a FACSAria flow cytometer (BD
Biosciences). Intracellular Ca2+ levels were quantified by calcu-
lating the normalized ratio of fluorescence intensity (Ca2+-
bound to Ca2+-free Indo-1) and plotted as a function of time.

Flow cytometric immunophenotyping of primary leukocytes
Immunophenotyping analysis was performed as described pre-
viously (Ogishi et al., 2022). Briefly, freshly thawed PBMCs (1.2 ×
106 cells) were simultaneously stained with LIVE/DEAD Fixable
Blue dye (Cat: L23105, 1:800; Thermo Fisher Scientific in PBS)
and blocked by incubation with FcR blocking reagent (Miltenyi
Biotec, 1:25) on ice for 15 min. After washing, cells were surface-
stained with the following reagents on ice for 30 min: Brilliant
Stain Buffer Plus (Cat: 566385; BD Biosciences, 1:5), anti-γδTCR-
BUV661 (Cat: 750019; BD Biosciences, Clone: 11F2, 1:50), anti-
CXCR3-BV750 (Cat: 746895, Clone: 1C6, 1:20; BD Biosciences),
and anti-CCR4-BUV615 (Cat: 613000, Clone: 1G1, 1:20; BD
Biosciences) antibodies. Cells were then washed and surface-
stained with the following reagents on ice for 30 min: 5-OP-
RU-loaded MR1 tetramer-BV421 (NIH Tetramer Core Facility, 1:
100), anti-CD141-BB515 (Cat: 565084, Clone: 1A4, 1:40; BD Bio-
sciences), anti-CD57-FITC (Cat: 347393, Clone: HNK-1, 3:250; BD
Biosciences), anti-Vδ2-PerCP (Cat: 331410, Clone: B6, 3:500;
BioLegend), anti-Vα7.2-PerCP-Cy5.5 (Cat: 351710, Clone: 3C10,
1:40; BioLegend), anti-Vδ1-PerCP-Vio700 (Cat: 130-120-441,
Clone: REA173, 1:100;Miltenyi Biotec), anti-CD14-Spark Blue 550
(Cat: 367148, Clone: 63D3, 1:40; BioLegend), anti-CD1c-Alexa
Fluor 647 (Cat: 331510, Clone: L161, 1:50; BioLegend), anti-
CD66b-APC (Cat: 305118, Clone: G10F5, 1:50; BioLegend),
anti-CD38-APC-Fire 810 (Cat: 356644, Clone: HB-7, 3:100; Bio-
Legend), anti-CD27-APC H7 (Cat: 560222, Clone: M-T271, 1:50;
BD Biosciences), anti-CD127-APC-R700 (Cat: 565185, Clone: HIL-
7R-M21, 1:50; BD Biosciences), anti-CD19 Spark NIR 685 (Cat:
302270, Clone: HIB19, 3:250; BioLegend), anti-CD45RA-BUV395
(Cat: 740315, Clone: 5H9, 3:250; BD Biosciences), anti-CD16-
BUV496 (Cat: 612944, Clone: 3G8, 3:500; BD Biosciences),
anti-CD11b-BUV563 (Cat: 741357, Clone: ICRF44, 1:100; BD Bio-
sciences), anti-CD56-BUV737 (Cat: 612767, Clone: NCAM16.2, 3:
250; BD Biosciences), anti-CD4-cFluor 568 (Cytek, Clone: SK3, 3:
250), anti-CD8-BUV805 (Cat: 612889, Clone: SK1, 3:250; BD
Biosciences), anti-CD11c-BV480 (Cat: 566135, Clone: B-ly6, 1:40;
BD Biosciences), anti-CD45-BV510 (Cat: 563204, Clone: HI30,
3:250; BD Biosciences), anti-CD33-BV570 (Cat: 303417, Clone:
WM53, 3:250; BioLegend), anti-iNKT-BV605 (Cat: 743999, Clone:
6B11, 1:25; BD Biosciences), anti-CD161-BV650 (Cat: 563864,
Clone: DX12, 1:25; BD Biosciences), anti-CCR6-BV711 (Cat: 353436,
Clone: G034E3, 3:250; BioLegend), anti-CCR7-BV785 (Cat:
353230, Clone: G043H7, 1:40; BioLegend), anti-CD3-Pacific Blue
(Cat: 344824, Clone: SK7, 3:250; BioLegend), anti-CD20-Pacific
Orange (Cat: MHCD2030, Clone: HI47, 1:50; Invitrogen), anti-
CD123-Super Bright 436 (Cat: 62-1,239-42, Clone: 6H6, 1:40;
Invitrogen), anti-Vβ11-PE (Cat: 130-123-561, Clone: REA559, 3:
500; Miltenyi Biotec), anti-CD24-PE-Alexa Fluor 610 (Cat:
MHCD2422, Clone: SN3, 1:25; Invitrogen), anti-CD25-PE-Alexa
Fluor 700 (Cat: MHCD2524, Clone: 3G10, 1:25; Invitrogen), anti-
CRTH2-Biotin (Cat: 13-2949-82, Clone: BM16, 1:50; Invitrogen),
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anti-CD209-PE-Cy7 (Cat: 330114, Clone: 9E9A8, 1:25; Bio-
Legend), anti-CD117-PE-Dazzle 594 (Cat: 313226, Clone: 104D2,
3:250; BioLegend), and anti-HLA-DR-PE-Fire 810 (Clone: L243,
1:50; BioLegend) antibodies. After washing, cells were further
incubated with streptavidin-PE-Cy5 (Cat: 405205, 1:3,000;
BioLegend) on ice for 30 min. Cells were then washed, fixed
with 1% paraformaldehyde/PBS, washed again, and acquired
with an Aurora cytometer (Cytek). Subsets were manually
gated with FlowJo v10 (FlowJo, LLC) and further analyzed in R.
The cellular composition was visualized with the data down-
sampled to 50,000 cells per sample through Uniform Manifold
Approximation and Projection (UMAP) based on the expression
levels of the following markers: CD3, CD4, CD8, CD11c, CD14,
CD16, CD19, CD20, CD56, CD117, CD123, CD127, CD161, CRTH2,
HLA-DR, γδTCR, Vδ1, Vδ2, iNKT, and MR1.

Immunophenotyping of CD4−CD8− DN αβ T lymphocytes
Freshly thawed PBMCs (1.0 × 106 cells) were stained with
Zombie NIR Fixable Viability dye (Cat: 423105, 1:1,000; Bio-
Legend in PBS) at 4°C in the dark for 15 min. The cells were
washed and surface-stained with the following reagents at 4°C
for 45 min: FcR blocking reagent (Miltenyi Biotec, 1:50), 5-OP-
RU-loaded MR1 tetramer-BV421 (NIH Tetramer Core Facility, 1:
200), anti-FAS-BUV395 (Cat: 740306, Clone: DX2, 1:100; BD Bio-
sciences), anti-CD4-BUV563 (Cat: 612912, Clone: SK3, 1:200; BD
Biosciences), anti-FASLG-BUV615 (Cat: 752306, Clone: NOK-1,
1:100; BD Biosciences), anti-γδTCR-BUV661 (Cat: 750019, Clone:
11F2, 1:50; BD Biosciences), anti-CD8-BUV737 (Cat: 612755, Clone:
SK1, 1:450; BD Biosciences), anti-Vδ2-BUV805 (Cat: 748580,
Clone: B6, 1:450; BD Biosciences), anti-iNKT-BV480 (Cat:
746788, Clone: 6B11, 1:50; BD Biosciences), anti-CD34-BV510
(Cat: 343527, Clone: 581, 1:100; BioLegend), anti-CD1a-BV711 (Cat:
300139, Clone: HI149, 1:100; BioLegend), anti-CD38-BV785
(Cat: 303530, Clone: HIT2, 1:100; BioLegend), anti-CD66b-FITC
(Cat: 305104, Clone: G10F5, 1:100; BioLegend), anti-CD45-Alexa
Fluor 532 (Cat: 58-0459-41, Clone: HI30, 1:100; eBioscience),
anti-Vα7.2-PerCP-Cy5.5 (Cat: 351710, Clone: 3C10, 1:40; Bio-
Legend), anti-PD-1-BB700 (Cat: 566461, Clone: EH12.1, 1:100),
anti-Vδ1-PerCP-Vio 700 (Miltenyi Biotec, Cat: 130-120-441,
Clone: REA173, 1:100; BD Biosciences), anti-CD45RA-PE-Cy5
(Cat: 552888, Clone: 5H9, 1:100; BD Biosciences), anti-CCR7-
Alexa Fluor 647 (Cat: 353218, Clone: G043H7, 1:50; BioLegend),
anti-CD20-Alexa Fluor 700 (Cat: 560631, Clone: 2H7, 1:100; BD
Biosciences) and anti-CD56-Alexa Fluor 700 (Cat: 561902, Clone:
B159, 1:50; BD Biosciences), anti-Vβ11-APC-Vio 770 (Cat: 130-127-
292, Clone: REA559, 1:50; Miltenyi Biotec), and anti-HLA-DR-
APC-Fire 810 (Cat: 307674, Clone: L243, 1:100; BioLegend) mAbs.
The cells were washed, fixed at room temperature in the dark
for 45 min, and permeabilized by incubation at room tempera-
ture in the dark for 5 min with the True-Nuclear Transcription
Factor Buffer Set (Cat: 424401; BioLegend). The cells were then
intracellularly stained by incubation with the following reagents
in permeabilization buffer at 4°C overnight: FcR Blocking Rea-
gent (Miltenyi Biotec, 1:50), anti-CD3-V450 (Cat: 560366, Clone:
UCHT1, 1:200; BD Biosciences), anti-T-bet-PE-Cy7 (Cat: 644824,
Clone: 4B10, 1:1,000; BioLegend), anti-RORγT-PE (Cat: 563081,
Clone: Q21-559, 1:50; BD Biosciences), and anti-EOMES-PE-Cy5.5

(Cat: 35-4877-41, Clone: WD1928, 1:100; eBioscience) mAbs. The
next day, the cells were washed three times with FACS buffer
and acquired with an Aurora cytometer (Cytek). Subsets were
manually gated with Flowjo and further analyzed in R. For
FlowSOM analysis, CD4−CD8− DN αβ T lymphocytes were
manually gated with FlowJo and imported into R. The expression
levels of the following markers were used for FlowSOM-guided
unsupervised clustering: CD4, CD8, CCR7, CD45RA, CD1a, CD34,
CD38, FAS, FASLG, HLA-DR, PD-1, T-bet, RORγT, and EOMES.
Clusters were manually identified based on their marker ex-
pression pattern. The cellular composition was visualized with
the data downsampled to 2,500 cells per sample with UMAP
based on the expression levels of the same markers.

Immunophenotyping analysis in Itk-deficient mice
Itk knockout (Liao and Littman, 1995) and WT mice were
backcrossed for at least 12 generations onto the C57BL/6 back-
ground. All mice used were 6- to 8-wk-old. The animals were
euthanized, and their thymus and spleen were dissected. Single-
cell suspensions were prepared by homogenizing tissues in
complete RPMI media by passage through filters with 70 μm
pores. After dead cell staining with a Live/Dead Aqua dye (In-
vitrogen), surface staining was performed in FACS buffer (PBS
supplemented with 1% FBS and 1 mM EDTA) for 30 min at 4°C
with the following reagents: anti-CD16/CD32 (Cat: BE0307,
Clone: 2.4G2, 1:200; BioXCell), anti-CD4-BUV737 (Cat: 612761,
Clone: GK1.5, 1:200; BD Biosciences), anti-CD8α-BUV395 (Cat:
563786, Clone: 53-6.7, 1:200; BD Biosciences), anti-CD44-PE-Cy7
(Cat: 103030, Clone: IM7, 1:200; BioLegend), anti-CD25-Alexa
Fluor 700 (Cat: 56-0251-82, Clone: PC61.5, 1:200; Invitrogen),
PBS-57-loaded CD1d tetramer-Alexa Fluor 488 (NIH Core Tet-
ramer Facility, 1:200), 5-OP-RU-loaded MR1 tetramer-BV421
(NIH Core Tetramer Facility, 1:100), anti-PD-1-BV785 (Cat:
135225, Clone: 29F.1A12, 1:200; BioLegend), anti-TCRβ-BV650
(Cat: 742483, Clone: H57-597, 1:200; BD Biosciences), anti-CD5-
APC-eFluor 780 (Cat: 47-0051-82, Clone: 53-7.3, 1:200; In-
vitrogen), anti-CD122-biotin (Cat: 13-1,222-85, Clone: TM-b1, 1:
200; Invitrogen), streptavidin-BV711 (Cat: 405241, 1:200; Bio-
Legend), anti-γδTCR-BV711 (Cat: 563994, Clone: GL3, 1:400; BD
Biosciences), anti-CD3-PE-Cy7 (Cat: 25-0031-82, Clone: 145-2C11,
1:200; Invitrogen), anti-CD24-biotin (Cat: 553260, Clone: M1/69,
1:400; BD Biosciences), streptavidin-BV421 (Cat: 405226, 1:200;
BioLegend), anti-CD73-PerCP-Cy5.5 (Cat: 127213, Clone: TY/11.8,
1:200; BioLegend), and anti-CD27-APC-eFluor 780 (Cat: 47-0271-
80, Clone: LG.7F9, 1:200; Invitrogen). Cells were fixed and per-
meabilized with the Foxp3/Transcription Factor staining kit
(Cat: 00-5523-00; eBioscience). Intracellular staining was per-
formed for 1 h at 4°C with the following reagents: anti-CD16/
CD32 (BioXCell, 1:200), anti-T-bet-BV605 (Cat: 644817, Clone:
4B10, 1:100; BioLegend), anti-RORγT-PE-CF594 (Cat: 562684,
Clone: Q31-378, 1:200; BD Biosciences), anti-PLZF-Alexa Fluor
488 (Cat: 53-9320-82, Clone: Mags.21F7, 1:200; Invitrogen), and
anti-EOMES-PerCP-eFluor 710 (Cat: 46-4875-82, Clone: Dan11-
mag, 1:400; Invitrogen) antibodies. Stained samples were ac-
quired on a BD LSRFortessa and analyzed with FlowJo software.
Animals were reared, and the experiments were performed in
accordance with protocol G98.3 approved by the National
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Human Genome Research Institute’s Animal Use and Care
Committee, National Institutes of Health.

Preparation of antibody-conjugated beads
Antibody-conjugated beads were prepared as previously de-
scribed (Patsoukis et al., 2012; Ogishi et al., 2021). Briefly, Dy-
nabeads M-450 Epoxy beads (Cat: 14011; Invitrogen, 8 × 107

beads per reaction) were covalently conjugated with Ultra-
LEAF-purified anti-CD3 antibody (Cat: 317236, Clone: OKT3;
BioLegend, 3.2 μg) and Ultra-LEAF-purified anti-CD28 antibody
(Cat: 302934, Clone: CD28.2; BioLegend, 4 μg). The beads were
washed twice with 0.1% BSA in PBS supplemented with 2 mM
EDTA and stored at 4°C in the dark for subsequent experiments.

Analysis of cytokine production by primary leukocytes
Freshly thawed PBMCs (3.0 × 105 cells per well) were dispensed
into a U-bottomed 96-well plate in 100 µl of RPMI with 10% non-
heat-inactivated human serum (Cat: H4522-20Ml; Sigma-
Aldrich) and left unstimulated or theywere stimulated by incubation
with the following reagents for 18 h: Dynabeads Human T-Activator
CD3/CD28 beads (Cat: 11131D; Gibco, bead:cell = 1:1), ImmunoCult
Human CD3/CD28/CD2 T-Cell Activator (Cat: 10970; StemCell
Technologies, final dilution 1:100), PHA-M (Cat: 10576015; Gibco, final
dilution 1:100), and Cell Stimulation Cocktail (Cat: 00-4970-93;
eBioscience, final 1:1,000). For blinatumomab-mediated T cell acti-
vation, freshly thawed PBMCs (1.0 × 105 cells per well) were dis-
pensed into a U-bottomed 96-well plate in 100 µl of RPMI with 10%
of non-heat-inactivated human serum and rhIL-2 (1:500). They
were left unstimulated orwere stimulatedwith blinatumomab (BPS
Biosciences, Cat: 100441-2, final concentration 10ng/ml) for 3 or 5 d.
Supernatants were harvested and analyzed with the LEGENDplex
HUTh Cytokine Panel V02 kit (Cat: 741027; BioLegend). Beads were
acquired with an Attune NxT Flow Cytometer with the CytKick
MAX Autosampler (Invitrogen).

Analysis of cytokine production by T-blasts
T-blasts were dispensed into a U-bottomed 96-well plate at a
density of 1 × 105 cells/well in 100 μl/well lymphocyte medium
without rIL-2 supplementation. Cells were incubated with un-
conjugated Dynabeads or Dynabeads conjugated with anti-CD3
and anti-CD28mAbs for 2 h at 37°C.We then added anti-CD107a-
Alexa Fluor 647 antibody (BioLegend, Cat: 328612, Clone: H4A3,
1:200) and GolgiStop (Cat: 554724, 1:1,600; BD Biosciences) and
incubated for an additional 5 h at 37°C. Cells were then har-
vested, stained with Live/Dead Fixable Aqua dye (Cat: L34957;
Invitrogen, 1:1,000 in PBS) for 15 min at 4°C in the dark,
and surface-stained by incubation with anti-CD3-BV421 (Cat:
300434, Clone: UCHT1, 1:200; BioLegend), anti-CD4-redFluor
700 (Cat: 80-0048, Clone: OKT4, 3:200; Tonbo Biosciences), and
anti-CD8-FITC (Cat: 301060, Clone: RPA-T8, 1:200; BioLegend)
mAbs at 4°C in the dark for 30 min. The cells were washed with
FACS buffer, fixed by incubation at room temperature for
45 min in the dark, and permeabilized by incubation at room
temperature in the dark for 5 min with the True-Nuclear
Transcription Factor Buffer Set (BioLegend). Cells were then
subjected to intracellular staining overnight at 4°C in the dark
with the following panel of antibodies in the permeabilization

buffer: FcR Blocking Reagent (Miltenyi Biotec, 1:50), anti-IFN-
γ-PE-Dazzle 594 (Cat: 502546, Clone: 4S.B3, 1:100; BioLegend),
anti-TNF-BV711 (Cat: 502940, Clone: MAb11, 1:100; BioLegend),
anti-IL-17A-APC-Cy7 (Cat: 512320, Clone: BL168, 1:100; Bio-
Legend), anti-T-bet-PE-Cy7 (Cat: 644824, Clone: 4B10, 1:500;
BioLegend), and anti-RORγT-PerCP/eFluor 710 (Cat: 46-6988-
80, Clone: AFKJS-9, 1:500; eBioscience) antibodies. The next day,
the cells were washed three times with FACS buffer and ac-
quired with a BD LSR II Flow Cytometer (BD Biosciences).

For pharmacological ITK inhibition, CD4+ T-blasts from
healthy donors were magnetically sorted with the CD4+ T-Cell
Isolation Kit (Cat: 130-096-533; Miltenyi Biotec). Cells (2 × 105

cells/well) were incubated in 50 μl/well lymphocyte medium
supplemented with dimethyl sulfoxide (DMSO) with or without
BMS509744 (Cat: 5009; Tocris, Batch: 2B/247519) for 1 h. The
stock solution (10 mM) was added at a dilution of 1:1,000 (vol/
vol). The stimuli were then added in 50 μl lymphocyte medium,
giving a final BMS509744 concentration of 5 μM. Cells were then
stimulated by incubation with the following reagents for 6 h:
unconjugated Dynabeads or Dynabeads conjugated with in-
house anti-CD3 and anti-CD28 mAbs (bead:cell ratio = 1:1), Im-
munoCult Human CD3/CD28/CD2 T-Cell Activator (StemCell
Technologies, final 1:100), PHA-M (Gibco, final 1:100), and Cell
Stimulation Cocktail (eBioscience, final 1:1,000). The levels of
secreted cytokines were determined with the LEGENDplex HU
Th Cytokine Panel V02 kit (BioLegend).

Whole-blood BCG stimulation assay
Venous blood samples were drawn from one local control, one
travel control, the two Iranian patients, and their father. Sam-
ples were collected in heparin-containing tubes and processed as
previously described (Boisson-Dupuis et al., 2018). Briefly, blood
samples were diluted 1:2 in RPMI-1640 medium (Gibco) and
supplemented with penicillin (100 U/ml) and streptomycin
(Gibco, 100 μg/ml). The samples were then dispensed into a 48-
well plate (1 ml/well) and were either left non-stimulated or
were stimulated with live M. bovis BCG Pasteur substrain at a
multiplicity of infection of 20 BCG cells per leukocyte or with
BCG plus recombinant human IL-12 (Cat: 219-IL; R&D Systems,
20 ng/ml). As a positive control, cells in separate wells were
stimulated with phorbol 12-myristate 13-acetate (PMA, Cat:
P8139; Sigma-Aldrich, 40 ng/ml) and ionomycin (Cat: I9657;
Sigma-Aldrich, 10 μM). After 48 h of stimulation, the levels of
secreted cytokines in the supernatant were determined with the
human IFN-γ ELISA kit (Cat: 50-173-27; Invitrogen) and the
human IL-12p40 ELISA kit (Cat: KAC1561; Invitrogen), according
to the manufacturer’s instructions.

PBMC BCG stimulation assay
Freshly thawed PBMCs were dispensed into a U-bottomed 96-
well plate at a density of 2 × 105 cells/well in 200 μl/well lym-
phocyte medium. Cells were incubated in the presence or
absence of live BCG at a multiplicity of infection of 1, with or
without recombinant human IL-12 (R&D Systems, 500 pg/ml)
or recombinant human IL-23 (Cat: 1290-IL; R&D Systems, 10 ng/
ml). After 40 h of stimulation, GolgiPlug (Cat: 555029; BD Bio-
sciences, 1:1,000) was added to each well to inhibit cytokine

Ogishi et al. Journal of Experimental Medicine 19 of 24

Inherited ITK deficiency with severe tuberculosis https://doi.org/10.1084/jem.20220484

https://doi.org/10.1084/jem.20220484


secretion. After another 8 h of incubation, supernatants were
collected and stored at −20°C for the determination of cytokine
levels, and the cells were harvested by centrifugation for flow
cytometry analysis. The cells were stimulated simultaneously
with PMA (Sigma-Aldrich, 25 ng/ml) and ionomycin (Sigma-
Aldrich, 500 nM) for 8 h without GolgiPlug (for the determi-
nation of secreted cytokines) or for 1 h without GolgiPlug
followed by 7 h with GolgiPlug (for intracellular cytokine
staining) as a positive control. The levels of secreted cytokines in
the supernatants were determined with the LEGENDplex Hu-
man Inflammation Panel 1 13-plex kit (Cat: 740809; BioLegend).
Data were analyzed in R. For flow cytometric analysis, the cells
were first stained with the Zombie NIR dye (BioLegend, 1:2,000
in PBS) at room temperature for 15 min and were then incubated
on ice for 30 min with a surface staining panel containing FcR
blocking reagent (Miltenyi Biotec, 1:50), 5-OP-RU-loaded
MR1 tetramer-BV421 (NIH Tetramer Core Facility, 1:200), anti-
CD3-V450 (Cat: 560365, Clone: UCHT1, 1:450; BD Biosciences),
anti-CD4-BUV563 (Cat: 612912, Clone: SK3, 1:450; BD Bio-
sciences), anti-CD8-BUV737 (Cat: 612754, Clone: SK1, 1:450; BD
Biosciences), anti-CD20-BV785 (Cat: 302356, Clone: 2H7, 1:150;
BioLegend), anti-CD56-BV605 (Cat: 362538, Clone: 5.1H11, 1:50;
BioLegend), anti-γδTCR-Alexa Fluor 647 (Cat: 331214, Clone: B1,
1:50; BioLegend), anti-Vδ1-FITC (Cat: 130-118-362, Clone:
REA173, 1:150; Miltenyi Biotec), anti-Vδ2-APC-Fire 750 (Cat:
331420, Clone: B6, 1:1,350; BioLegend), anti-Vα7.2-Alexa Fluor
700 (Cat: 351728, Clone: 3C10, 1:50; BioLegend), anti-iNKT-
BV480 (Cat: 746788, Clone: 6B11, 1:50; BD Biosciences), and anti-
Vβ11-APC (Cat: 130-125-529, Clone: REA559, 1:150; Miltenyi
Biotec) antibodies. Cells were fixed by incubation with 2% par-
aformaldehyde/PBS on ice for 15 min and were then per-
meabilized/stained by incubation overnight at −20°C in the
perm buffer from the True-Nuclear Transcription Factor Buffer
Set (BioLegend) with an intracellular cytokine panel containing
FcR blocking reagent (Miltenyi Biotec, 1:50), anti-IFN-γ-BV711
(Cat: 502540, Clone: 4S.B3, 1:450; BioLegend), anti-TNF-BV510
(Cat: 502950, Clone: MAb11, 1:150; BioLegend), anti-IL-17A-
PerCP-Cy5.5 (Cat: 512314, Clone: BL168, 1:1,350; BioLegend),
anti-T-bet-PE-Cy7 (Cat: 644823, Clone: 4B10, 1:1,350; Bio-
Legend), and anti-RORγT-PE (Cat: 563081, Clone: Q21-559, 1:50;
BD Biosciences) antibodies. Cells were acquired with an Aurora
cytometer (Cytek). Data were manually gated with FlowJo and
then imported into R for further analysis. The cellular compo-
sition was visualized with UMAP based on the expression levels
of CD3, CD4, CD8, CD20, CD56, γδTCR, Vδ1, Vδ2, Vα7.2, MR1,
T-bet, and RORγT, with the data downsampled to 10,000 cells
per sample.

Analysis of IL-23 signaling
Freshly thawed PBMCs from one to three healthy donors were
stained with Live/Dead Aqua dye (Invitrogen) and then with a
surface staining panel containing anti-CD3-BV786 (Cat: 563800,
Clone: SK7; BD Biosciences), anti-CD4-APC (Cat: 555349, Clone:
RPA-T4; BD Biosciences), anti-CD8-BV650 (Cat: 563821, Clone:
RPA-T8; BD Biosciences), anti-CD56-PE-CF594 (Cat: 562289,
Clone: NCAM-1; BD Biosciences), anti-CD161-BV711 (Cat: 563865,
Clone: DX12; BD Biosciences), anti-Vδ2-PE (Cat: 331408, Clone:

B6; BioLegend), and anti-Vα7.2-PerCP-Vio 700 (Cat: 130-124-
075, Clone: REA179; Miltenyi Biotec) antibodies. MAIT cells and
Vδ2+ γδ T cells were sorted on a FACS Aria II SORP (BD Bio-
sciences) and cultured for 2 wk with allogeneic PBMCs irradi-
ated at 35 Gy (T cell:feeder cell ratio of 1:10) in ImmunoCult-XF
T Cell Expansion Medium (StemCell Technologies) supple-
mented with 8% FBS, 10 ng/ml recombinant human IL-2 (Gibco),
and 100 U/ml penicillin/streptomycin (Thermo Fisher Scien-
tific). Phosphorylated STAT3 levels were determined in 5 × 105

expanded serum-starved T cells incubated with or without
DMSO alone or DMSO containing BMS509744 (Cat: HY-11092;
CliniSciences, 5 μM) for 1 h. Cells were then incubated for
30 min with recombinant human IL-23 (Cat: 1290-IL; R&D
Systems, 1 or 10 ng/ml) or IFNα-2b (Merck, Intron A, 104 IU/ml),
stained with Live/Dead Aqua dye (Invitrogen) for 5 min at 4°C,
fixed with Fix buffer I (1:1 volume, BD Biosciences), per-
meabilized in Perm buffer III (BD Biosciences), and stained with
anti-STAT3 (pY705)-PE antibody (Cat: 612569, Clone: 4/
P-STAT3, 1:25; BD Biosciences) at 4°C overnight. Cells were ac-
quired with a Gallios flow cytometer (Beckman Coulter). For the
assessment of cytokine secretion, 2 × 105 expanded T cells re-
suspended in RPMI-1640 medium supplemented with 10% hu-
man serum (Sigma-Aldrich) were stimulated with recombinant
IL-23 (100 ng/ml) with or without IL-1β (Cat: 201-LB; R&D
Systems, 2.5 ng/ml) for 48 h or with PMA (Sigma-Aldrich, 8 ng/
ml) and ionomycin (Sigma-Aldrich, 10 μM) for 12 h in the
presence or absence of DMSO alone or DMSO containing
BMS509744 (Cat: HY-11092; CliniSciences, 5 μM). Secreted cy-
tokine levels were determined with the LEGENDplex Human
Inflammation Panel 1 (Cat: 740809; BioLegend).

Raji cell killing assay
Freshly thawed PBMCs from two or three healthy donors were
stained for 1 h at 4°C in the dark with a surface-staining panel
containing FcR blocking reagent (Miltenyi Biotec, 1:50), anti-
CD3-APC (Tonbo Biosciences, Cat: 20-0038-T100, Clone: UCHT1,
1:100), anti-γδTCR-BV421 (Cat: 744870, Clone: 11F2, 1:100; BD
Biosciences), anti-Vδ1-PerCP-Vio 700 (Cat: 130-120-441, Clone:
REA173, 1:100; Miltenyi Biotec), anti-Vδ2-APC-Fire 750 (Cat:
331420, Clone: B6, 1:100; BioLegend), anti-CD161-Alexa Fluor 488
(Cat: 339923, Clone: HP-3G10, 1:100; BioLegend), anti-Vα7.2-
BV711 (Cat: 351731, Clone: 3C10, 1:100; BioLegend), anti-iNKT-
BV480 (Cat: 746788, Clone: 6B11, 1:100; BD Biosciences), and
anti-Vβ11-PE-Vio 770 (Cat: 130-126-319, Clone: REA559, 1:100;
Miltenyi Biotec) antibodies. Dead cells were then stained with 7-
aminoactinomycin D (7-AAD; Tonbo Biosciences, Cat: 13-6993-
T500, 1:200). Vδ1+ γδ T, Vδ2+ γδ T, MAIT, and iNKT cells were
sorted with a FACSAria cell sorter (BD Biosciences). Sorted
innate-like adaptive T lymphocytes were expanded by incuba-
tion for ∼2 wk with the ImmunoCult reagents and IL-2 plus Raji
cells irradiated at 90 Gy as the feeder cells.

After expansion, T cells were incubated with DMSO with or
without 10 μMBMS509744 (Tocris, Cat: 5009, Batch: 2B/247519)
for 90 min and were dispensed into a U-bottomed 96-well plate
at a density of 1 × 105 cells/well in 50 μl lymphocyte medium/
well. Raji cells were irradiated at 90 Gy and stained with a
CellTrace CFSE dye (Cat: C34554; Invitrogen, 1:1,000 in PBS,
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10 min in the incubator) before being dispensed into the plate at
a density of 2 × 105 cells/well in 50 μl/well lymphocyte medium.
The cells were cocultured in the presence or absence of blina-
tumomab (Cat: 100441-2; BPS Biosciences, 10 ng/ml) for 24 h.
The levels of secreted cytokines and cytotoxic effector molecules
were determined with the LEGENDplex Human CD8/NK Panel
kit (Cat: 740267; BioLegend). Cell pellets were stained with Live/
Dead Aqua dye (Invitrogen) and fixed with BD Cytofix Fixation
Buffer (Cat: 554655; BD Biosciences). LEGENDplex beads and
fixed cells were acquired with an Attune NxT Flow Cytometer
with the CytKick MAX Autosampler (Invitrogen). CFSE+ Raji
cells were counted with FlowJo.

Statistical analysis
All statistical analyses were performed in R v.4 (http://www.R-
project.org/; R Core Team, 2021). The statistical significance of
quantitative differences between groups was assessed in two-
tailed non-paired Wilcoxon’s rank-sum tests unless otherwise
stated. False discovery rate (FDR) adjustment was performed by
the Benjamini and Hochberg method (Benjamini and Hochberg,
1995). P values below 0.05 were considered statistically
significant.

Online supplemental material
The online supplementary information describes the clinical
manifestations of P1–P3 in greater depth (Fig. S1) and the viro-
logical analysis of P1 and P2 (Fig. S2). Additional analyses on the
phosphorylation of ZAP70 in the expanded T lymphocytes from
P1 and P2 (Fig. S3), the induction of IL-9, IL-17, and IL-22 and
IRF4 in the expanded T lymphocytes from P1 and P2 (Fig. S4),
and the cellular response to BCGmycobacteria are also provided.
Tables S1 and S2 describe the results of immunological
studies for the Iranian (P1 and P2) and Turkish (P3) pa-
tients, respectively.

Data availability
All raw and processed data are available from the corresponding
authors upon request.
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and Comité para el Desarrollo de la Investigación, CODI—
Universidad de Antioquia, Colombia (CT 2017-16003). F. Hauck
was supported by the Care-for-Rare Foundation (160073), the
Else Kröner-Fresenius Stiftung (2017_A110), and the German
Federal Ministry of Education and Research (01GM1910C). Open
Access funding provided by Rockefeller University.

Author contributions: M. Ogishi, J.-L. Casanova, and S.
Boisson-Dupuis designed the study. M. Ogishi, R. Yang, R.
Rodriguez, D.P. Golec, E. Martin, Q. Philippot, J. Bohlen,
S.J. Pelham, A.A. Arias, T. Khan, M. Ata, F. Al Ali, F. Rozenberg,
X.F. Kong, M. Chrabieh, C. Laine, W.-T. Lei, J.E. Han, Z. Kaul, N.
Marr, P.L. Schwartzberg, S. Latour, and S. Boisson-Dupuis per-
formed experiments and analyzed data. Y. Seeleuthner and
L. Abel assisted in the analysis of genetic data. E. Jouanguy, V.
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Béziat, V., F. Rapaport, J. Hu, M. Titeux, M. Bonnet des Claustres, M. Bourgey,
H. Griffin, E. Bandet, C.S. Ma, R. Sherkat, et al. 2021. Humans with
inherited T cell CD28 deficiency are susceptible to skin papil-
lomaviruses but are otherwise healthy. Cell. 184:3812–3828.e30. https://
doi.org/10.1016/j.cell.2021.06.004

Bienemann, K., A. Borkhardt, W. Klapper, and I. Oschlies. 2015. High inci-
dence of Epstein-Barr virus (EBV)-positive Hodgkin lymphoma and
Hodgkin lymphoma-like B-cell lymphoproliferations with EBV latency
profile 2 in children with interleukin-2-inducible T-cell kinase defi-
ciency. Histopathology. 67:607–616. https://doi.org/10.1111/his.12677

Boisson-Dupuis, S., J.Bustamante, J.El-Baghdadi, Y.Camcioglu, N.Parvaneh,
S.El Azbaoui, A.Agader, A.Hassani, N.El Hafidi, N.A.Mrani, Z.Jouhadi,
et al. 2015. Inherited and acquired immunodeficiencies underlying tu-
berculosis in childhood. Immunol. Rev. 264:103–120. https://doi.org/10
.1111/imr.12272

Boisson-Dupuis, S., N. Ramirez-Alejo, Z. Li, E. Patin, G. Rao, G. Kerner, C.K.
Lim, D.N. Krementsov, N. Hernandez, C.S. Ma, et al. 2018. Tuberculosis
and impaired IL-23-dependent IFN-γ immunity in humans homozygous
for a common TYK2missense variant. Sci. Immunol. 3:eaau8714. https://
doi.org/10.1126/sciimmunol.aau8714

Boisson-Dupuis, S., and J. Bustamante. 2021. Mycobacterial diseases in pa-
tients with inborn errors of immunity. Curr. Opin. Immunol. 72:262–271.
https://doi.org/10.1016/j.coi.2021.07.001

Le Bourhis, L., E. Martin, I. Peguillet, A. Guihot, N. Froux, M. Core, E. Levy,
M. Dusseaux, V. Meyssonnier, V. Premel, et al. 2010. Antimicrobial
activity of mucosal-associated invariant T cells. Nat. Immunol. 11:
701–708. https://doi.org/10.1038/ni.1890

Broussard, C., C. Fleischacker, C. Fleischecker, R. Horai, M. Chetana, A.M.
Venegas, L.L. Sharp, S.M. Hedrick, B.J. Fowlkes, and P.L. Schwartzberg.
2006. Altered development of CD8+ T cell lineages in mice deficient for
the tec kinases Itk and Rlk. Immunity. 25:93–104. https://doi.org/10
.1016/j.immuni.2006.05.011

Bustamante, J. 2020. Mendelian susceptibility to mycobacterial disease: Re-
cent discoveries. Hum. Genet. 139:993–1000. https://doi.org/10.1007/
s00439-020-02120-y
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Figure S1. Clinical findings. (A) A table summarizing medical history and key laboratory findings related to infectious diseases in the three patients studied.
(B) Chest x ray of P3 on presentation. (C) Thoracic CT scans of P3. (D) A common wart on the forehead of P1. (E) A common wart on the extremity of P2. (F) A
genital wart in P2. Infx, infections; Stg, stage.
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Figure S2. Virological analysis. (A) EBV-DNA viral load in the serum samples of P1, P2, and P3. yo, years old. (B) VirScan analysis of the serum samples of P1
and P2. Species are annotated based on the National Center for Biotechnology Information Taxonomy database (Schoch et al., 2020).
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Figure S3. Phosphorylation of ZAP70. Total T lymphocytes from P1, P2, and two healthy controls (Ctrl) were analyzed by immunoblotting for phos-
phorylated ZAP70 (Y319) after 5 min of stimulation with anti-CD3 mAb. A representative result from two independent experiments is shown. Source data are
available for this figure: SourceData FS3.

Figure S4. Impaired production of IL-9 by ITK-deficient T lymphocytes. (A) T-blasts from P1 and P2 were stimulated for 2 h with various reagents.
Secreted cytokines were determined with the LEGENDplex assay. Technical duplicates were prepared for the unstimulated and anti-CD3 mAb-conjugated
bead-stimulated samples. (B) Expression of IRF4. T-blasts from P2, her mother, and local controls were either left unstimulated or were stimulated with an
anti-CD2/CD3/CD28 mAb cocktail for 24 h and analyzed by flow cytometry. For pharmacological ITK inhibition, T-blasts from controls were cultured in the
presence of DMSO or an ITK inhibitor (BMS509744). Bars represent the mean and SEM. Statistical significance was determined for differences between the
two ITK-deficient patients on the one hand, and local and familial controls on the other. *, P < 0.05, two-tailedWilcoxon’s rank sum tests with FDR adjustment.
Representative results from two independent experiments are shown.
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Figure S5. Analysis of the role of ITK in IL-23-mediated antimycobacterial immunity. (A) Freshly thawed PBMCs from P1 (age 19 yr), P2 (age 16 yr), P4,
one IL-12Rβ1-deficient patient, and healthy local controls, were stimulated for 40 h with various combinations of IL-12, IL-23, and BCG, and were then in-
cubated with a cytokine secretion inhibitor for 8 h. Secreted cytokine levels were determined with a LEGENDplex assay. (B and C) Analysis of IL-23 signaling.
Vδ2+ γδ T and MAIT cells were sorted from healthy donors and subjected to pretreatment with DMSO or an ITK inhibitor (BMS509744). (B) STAT3 phos-
phorylation levels after stimulation with IL-23 or IFNα-2b for 30 min, as determined by flow cytometry. (C) Cytokine secretion, as measured by a LEGENDplex
assay, after stimulation with IL-23, with or without IL-1β, for 48 h. (D) TNF production by lymphocyte subsets, as determined by flow cytometry, as in A. In A
and D, bars represent the mean and SEM.
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Provided online are Table S1 and Table S2. Table S1 describe immunological studies of the Iranian siblings (P1 and P2). Table S2
describe immunological studies of the Turkish patient (P3). Abnormally low values are shown in red.
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